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Experimental work was performed to delineate the system of digested 
sludge particles and associated trace metals and a lso to measure the 
interactions of sludge with seawater. Particle-size and particle-
number distributions were measured with a Coulter Counter. Number 
counts in excess of 10
12 
par ticles per liter were found in both the City 
of Los Angeles Hyperion mesophilic digested sludge a nd the Los Angeles 
County Sanitation Districts (LACSD) dige sted primary s ludge . More than 
90 p e rcent of the particles had diameters less than 10 microns . 
Total and dissolved trace metals (Ag, Cd, Cr, Cu, Fe, Mn, Ni , Pb, 
and Zn ) ~•ere measure d in LACSD s ludge . J1.1anganese was the only metal 
whose dissolved fraction exceeded one pe rcent of the total metal. 
Sedimentation experiments for several dilutions of LACSD s ludge in sea-
water showed that the sedimentation velocities of the sludge particles 
decreased as the dilution factor increased. A tenfold increase in 
dilution shifted the sedimentation v e locity distribution by an orde r 
of magn itude . Chromium, Cu, Fe, Ni, Pb, and Zn were also followed 
dur ing sedimentation . To a first approximation these metals b eh a v ed 
like the particles . 
Solids and selected trace metals (Cr, Cu, Fe, Ni, Pb, and Zn) 
we r e monitored in oxic mixtures of both Hyperion and LACSD sludges for 
v 
periods of 10 to 28 days. Less than 10 percent of the filterable 
solids dissolved or were oxidized. Only Ni was mobilized away from 
the particles. The majority of the mobilization was complete in less 
than one day. 
The experimental data of this \-rork were combined with oceanographic, 
biological, and geochemical information to propose and model the 
discharge of digested sludge to the San Pedro and Santa Monica Basins. 
A hydraulic computer simulation for a round buoyant jet in a density 
stratified medium showed that discharges of sludge effluent mixture 
at depths of 730 m would rise no more than 120 m. Initial jet mixing 
provided dilution estimates of 450 to 2600 . Sedimentation analyses 
indicated that the solids would reach the sediments within 10 km of 
the point discharge. 
Hass balances on the oxidizable chemical constituents in sludge 
indicated that the nearly anoxic v7aters of the basins would become wholly 
anoxic as a result of proposed discharges. From chemical-equilibrium 
computer modeling of the sludge digester and dilutions of sludge in 
anoxic seaHater, it was predicted that the chemistry of all trace 
metals except Cr and Mn will be controlled by the precipitation of metal 
sulfide solids. This metal speciation held for dilutions up to 
3000. 
The net environmental impacts of this scheme should be salutary. 
The trace metals in the sludge should be immobilized in the anaerobic 
bottom sediments of the basins. Apparently no lifeforms higher than 
vi 
bacteria are there to be disrupted. The proposed deep-water discharges 
would remove the need for potentially expensive and energy-intensive 
land disposal alternatives and would end the discharge to the highly 
productive water near the ocean surface. 
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SElvAGE SLUDGE AND THE ENVIRONMENT 
1.1 The Sludge Problem 
Sewage sludge , the liquid-solids suspension resulting from the 
sedimentation phase of \vastewater treatment, presents a serious 
disposal problem of increasing magnitude in the United States today. 
Sewage sludge contains recognizable matter--grains of sand, vegetable 
seeds and skins, and hair--as well as large concentrations of parti-
culate organic matter, trace metals, pesticides, chlorinated h ydro-
carbons, a nd other r esidues of our modern municipal and industrial 
society. National awareness of water pollution problems and other 
environmental degradation contributes to the inherent problems of 
sludge disposal . Existing trea tment plants are upgraded to improve 
the effluent and associated receiving-wate r quality; new plants are 
constructed whe re no \vastewater treatment was previously practiced . 
A direct product of such amelioration is more sludge. All sludge 
disposal must comply with stricter government r egulations than have 
existed in the past. 
In absolute t e rms, sewage sludge quantities are staggerin g. 
Digested sludge from primary treatment amounts to an average of 
12.4 kg (27.4 lbs)/capita annually. With activated-sludge secondary 
treatment , the annual per capita a verage rises to 23.2 kg (51.1 lbs), 
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an increase of 87 percent (Hetcalf and Eddy, 1972). If tertiary 
treatment such as biological denitrification is mandated, an 
additional sludge increment can be expected. Primary treatment 
of se"Y7age from approximately seven million people in Los Ange les 
County would result in 8.7 x 10
7 
kg or 8.7 x 104 metric tons of 
sludge annually using the average figures quoted above; the total 
would increase to 16.2 x 10
7 
kg or 16.2 x 10
4 
metric tons annually 
with secondary treatment. Actual sludge production for all of Los 
'• Angeles County is a lready in excess of 14 x 10 metric tons for a 
combination of complete primary and p a rtial secondary treatment. 
Over 10.6 x 10
4 
metric tons of this sludge are currently discharged 
into the ocean . Of the total wastewater solids discharged from Los 
Angeles County into the ocean, almost 47 percent is digested sludge . 
Schematics of typical se~vage treatment processes are shown in 
Figure 1.1 with sludge sources as indicated. Once produced, sludge 
should be treated in some manner, e . g . anaerobic or aerobic digestion, 
de\vatering, heat drying, direct incineration, wet oxidation, etc ., 
and disposed of to some final sink , the ocean or the land (as fill 
or fertilizer). In some instances r aw s ludge is de\vatered and 
disposed of directly by landfilling. The possible treatment and 
disposal schemes for sludge are summarized in Figure 1.2. Sludge 
flm.;s usually constitute less than t"Ym percent of the total flmv in 
a treatment facility, but sludge processing and disposal represent 
30 to 60 percent of the capital and operating costs for most plants. 
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1.2 Environmental Impacts 
Once sludge is placed in a final sink it may be "out of sight" 
and "out of mind", but many of its constituents are potentially harm-
ful. Direct adverse environmental impacts from sludge disposal are 
diffic ult to document. Many sludge trace metals, e.g. cadmium 
(Cd) and mercury (Hg), can cause illness or death to man or other 
organisms. Industrial discharges of Cd and Hg in Japan have been 
connected with the tragic "Itai-Itai" and Hinamata d iseases , respectively . 
In the case of mercury, the methyl mercury species entered the human food 
chain through fish which were subsequently eaten by the natives. 
It cannot be overemphasized, however, that trace metal tox icity 
is a function of concentration . Many metals, e . g. calcium (Ca), 
magnesium (Mg), and sodium (Na) are macronutrients necessary in large 
concentrations for life; others, micronutrients, e . g . iron (Fe), 
copper (Cu), z inc (Zn),and vanadium (V), are n ecessary in small amounts. 
Still others, e.g. Cd, lead (Pb), and gold (Au), are not kno~m to be 
requirements, of any life form. For those metals \V'ith identified 
requirements a deficiency develops if background levels are b e low such 
requirements. At higher concentrations ,the ecosystem may still b e in 
balance,while at extremely high l evels toxicity occurs. Copper is a 
classic e xample, appearing as an a lternate to iron (Fe) in the blood 
of some vertebrates . Coppe r is also a favored algacide. 
Halogenated organics, e . g . DDT (dichlorodiphenyltrichloroethane) 
and PCB (polychlorinated biphenyls) , are also present in sludge. DDT 
has been linked to reproductive failures of b a ld eagles , osprey, and 
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peregrine falcons (Hickey and Anderson, 1968), and of brown pelicans 
(Anderson and Hickey, 1970). PCB or trace contaminants remaining 
from its manufacture have been toxic to chick embryos (Vos, et al ., 
1970). 
The particulate matter in sludge can have many environmental im-
pacts. A substantial portion of the particulates are oxidizable forms 
of organic carbon. Myers (1974) found that 34 percent of centrate 
particles discharged from the Los Angeles County outfalls at Whites 
Point are organic carbon and 35 percent of that 34 percent (12 percent 
of the total) 1vere easily decomposed. The biochemical degradation of 
these organics may deplete dissolved oxygen (D.O.) in the water column 
with a corresponding alteration of biochemical pathways and of the 
oxidation-reduction (redox ) potential of ocean \vaters or sediments . 
The depletion of D.O.,an essential element for all life forms higher 
than bacteria, can cause serious alteration of marine com111unities. 
Solubility o f many trace metals may also be drastically changed in 
the receiving sink. 
Upon discharge into the o cean the particulates from sludge may 
attenuate light as it penetrates through the water column, thereby 
decreasing the euphotic depth . Peterson (1974) measured such light 
attenuation b y the se\vage effluent field off Hhites Point. The 
euphotic depth \vas reduced 30 to 60 percent. The discharge there, 
\·Thich is a mixture of primary effluent and digested sludge centrate, 
increased in quantity from 1934 to 1969 ( see Figure 1.3). The kelp 
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beds, made up of the giant kelp Macrocystis pyrifera, are important 
to the coastal ecosystems of southern California because they form 
the basis for a diverse and highly productive marine community . The 
giant kelp is also harvested commercially. 
There are two implications of the reduced euphotic depth. First, 
the absolute amotmt of light available for photosynthesis is reduced, 
decreasing the total possible productivity . Second , decreased light 
penetration also reduces the bottom area with adequate light to 
establish kelp plants, thus reducing the total habitat. 
Mye rs also detected an accumulation of organic carbon of ter-
restrial origin in the sediment adjacent to the outfalls . The Southern 
California Coastal Hater Research Project (SCCWRP) (1973) reported 
an extensive anaerobic sediment zone around the same outfalls as 
shown in Figure 1. 4. The accumulation of se\vage particul ate matter 
has apparently "blanketed" local areas with rocky bottoms, Grigg and 
Khvala (1970) postulated that t he kel p and other organisms requiring 
rocky bottoms for attachment or shelter might be unable to propagate 
under these conditions . 
Large populations of sea urchins have also been reported adjacent 
to the Whites Point outfall (North, 1972) . Urchins normally eat the 
detrital fallout from t h e kelp forests . If urch in populations 
expand extensively and the detritus is inadequate t o support all the 
population, they will attack the kelp plants directly, severing the 
holdfasts which anchor the kelp to the bottom. The detached adult 
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kelp population. Any spores that do settle from nearby plants may be 
devoured before they are large e nough to reproduce; thus the forests 
die off or disappear. 
Once the kelp is gon e, the urchin population decreases owing to 
the lack of foo d . \{ithout the local urchin overpopulation the kelp 
may n a tura lly re-establish itself . In the area off the Palos Verdes 
Peninsula, however , young urchins apparently graze on the sludge 
blanket covering the ocean bottom or directly absorb limiting nutrients 
of sewage or sludge origin from the water . The re is then a constant 
semi-starved urchin population that effectively prevents kelp r e-
production . 
The trace metals in sludge that are mainly associated with 
p ar ticles may also have important environmental implica tions . As will 
be discussed later, sludge particle size and density affect the 
settling velocity of the sludge and hence the lateral spread of the 
sludge followin g marine discharge. The sludge and effluent discharges 
by both the City of Los Angeles and County Sanitation Districts of 
Los Angeles County behave as buoyant plumes in the ocean. (See Chapter 
3 for a more detailed discussion of this subject.) Advection and diffusion 
move the "clouds " mvay from the outfalls while flocculation and sedi-
mentation act to deposit the sludge . 
Organisms in the marine environment such as zooplankton and bi-
valves may also affect the sewage particles. These organisms are 
suspension feeders which extract nutrients from the water by removing 
suspended pa rticulate matter. Large particles are physically filtered 
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by cilia or other appendages . Smaller particles may be sieved onto 
or impac ted (adsorbed) by mucous nets secreted by the organism. The 
nets are subsequently eaten by their producer. Some suspension 
feed e rs consume all material they catch, expelling the inedible 
portion with the \vaste products of the edible fraction. Others "sort" 
the edible from the inedible before ingestion, expelling the inedible 
as pseudofeces. 
J~rgensen and Goldberg (1953) found that the ascidran Ciona 
(a tunicate) and the clam Mytilus retained all one- to two- micron 
graphite particles while the oyster Crassostrea virginica retained 
t\vo to three micron particles but passed one to two micron particles. 
The echiuroid worm Urechis caupo, which feeds with a mucous n e t, 
completely retained Palinurus hemocyanin (H.W. 450,000). Later work 
by Haven and Morales-Alamo (1970) used the Coulter Counter to check 
particle-size distributions over the size range one to 12 microns of 
both natural and artificial suspension filtered by oysters (C. virginica). 
The oysters retained natural particles in the range one to three 
microns with one-third the efficiency of larger particles; with clays 
the efficiency was one-half that for one to two micron particles as 
for larger particles. 
The distance between latero-frontal cilia is assumed to b e the 
factor \vhich determines the smalles t particle size that can be completely 
retained by suspension feeders. If trace metals in sludge particles are 
associated with particular size fractions, the uptake of these metals may 
exceed by many times their actual levels in the total \vater column. Trace 
13 
metals may thus b e conce ntrated biologically. Particle-size speci-
ficity by important marine organisms might point towa rd r emoval of 
certain particle - size fractions or the breakdo\m of sludge into 
smaller particles b efore discha rge. 
Trace metal build-up h as been note d around both the Whites Point 
outfa lls of the Count y Sanitation Districts of Los Angeles County and 
the City of Los Angeles Hyperion outfalls in Santa Monica Bay . 
(These facilities a nd their associated sludges will, herea fter,be 
r eferr e d to as LACSD and Hyperion,respectively.) Galloway (1972) 
found abnormally high con centrations of Cd, chromium (Cr ), Cu, Pb, 
and Zn at ~~ites Point. Typical surface isoclines for Cu a r e sho'vn 
in Figure 1.5. A decrease in concentration with depth for copper 
(see Figure 1. 6) indicated tha t the buildup of Cu increase d as flow 
from the outfall increased. Similar surface concentrations were 
documented by SCCh~P (1973) near the Hyperion sludge outfall as sho'vn 
in Figure 1.7. Burla nd,et al. (1974) have also sugges ted that was t e -
water flows may contribut e a significant portion of the silver (Ag), 
Cd, Cr, Cu, Pb, and Zn entering the sea off southern California . 
1.3 Research Obj ectives and Thesis Organization 
1.3.1 Research Objectives 
The preceding sections have outlined the· magnitude of the 
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FIGURE 1 . 6 
Copper Concentrat ions in Four Sedimentary Columns Adjacent 
to the Whites Point Outfa1l s of LACSD 
Core 1 8B is furthest from the discharge ( rv 7 km) , 1913 about 3 km, 
21B , about 1 km , and 20B at the 90-in outfall. Water depth for all 
samples was rv 90 m. Source: Galloway , 197 2 . 
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a. Ph1eger Cores , June, 1970. 
SANTA MONICA 
SANTA MONICA BAY 
31 
BALLONA CREEK 
0 2 4 
KM 
,...._._- DEPTH IN METERS 
N 




0 2 4 
I I I 
KM 
~ DEPTH IN METERS 
N 
FIGURE 1.7 
Copper Concentrations (mg /dry kg) in Surface Sediments 
Around the Hy perion Outfall Sys tem 
Source: SCCHRP , 1973. 
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possible sludge environmental impacts . The objectives of this research 
are t~Tofold: 
I. Experimental 
1. To determine the size distribution of representative 
samples of digested sewage sludge and estimate the specific-surface 
area of such sludge . 
2. To measure the trace metal concentrations associated with 
different particle-size fractions . 
3. To measure the physical-chemical interactions of sludge 
particulate matter and trace metals during oxic mixing with sea\vater 
and during sedimentation in sea\vater. 
II. Nodeling 
1. To use the results of the experimental work together with 
available oceanographic data to propose disposal schemes for sludge 
off southern California . 
2 . To predict the hydraulic and physical-chemical behavior of 
sludge solids and trace metals. 
3. To assess the major environmental impacts of such schemes. 
It should be noted that sludge disposal to the ocean is at odds 
with current state and federal regulations and laws, particularly 
Public Law 92-500 . Sludge disposal to the ocean is, however, a cost-
effective low-energy means of permanently ridding society of waste-
water solids. Alternative disposal schemes \vill probably require 
18 
large outlays of capital and high operating costs while using energy 
in a manner that must contribute to the already significant local 
air pollution. 
If an environmentally sound plan for ocean disposal can be 
developed, the benefit to southern California will be substantial. 
Trace metals and particle-size distribution were chosen as 
system parameters because they are essential model inputs 
for any simulation of ocean disposal of sludge . Neither of these 
important properties has been measured adequately by previous 
researchers. A fine -scale examination of particle-size dis tribution 
has potential significance for such difficult tasks as sludge de-
watering and for other disposal practices, such as landfilling and 
land spreading. In past experiments dewatering sludge has generally 
been treate d as a black box,to be manipulated only from the outside 
without considering what is actually happening at the particle level. 
1.3.2 Thesis Organization 
In the presentation that follows, digested s ludge will be 
characterized in Chapter 2. This delineation includes a review 
of previous work, chemical and particle-size measureme nts , and the 
result s of experiments on physical-chemical interactions of sludge with 
seawater. The proposed plan for ocean disposal is presented and 
modeled in Chapter 3, followed by an assessment of environmental 
impacts. Chapte r 4 includes a summary, conclusions, and recommendations 
1 9 
for future work. A series of Appendices contains operational techniques 
and experimental data. 
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CHAPTER 2 
THE DIGESTED SLUDGE PARTICLE-TRACE METAL SYSTEM: 
I. SLUDGE CHARACTERIZATION--A REVIEW 
II. PHYSICAL AND CHID1ICAL MEASUREMENTS 
III. SLUDGE INTERACTIONS WITH SEAWATER 
The e nvironmentally sound disposal of digested sewage sludge 
requires a detailed knowledge of sludge cons tituents and the biological 
processes of sludge digestion. In Part I of this chapter, existing in-
formation about the sludge particle-trace metal system is r eviewed. 
The measurements from this work on sludge particle-size dist ributions 
and sludge trace me tals are presented in Part II. Experiments con-
ducted to meas ure the physical-chemical interactions of sludge solids 
and trace me tals with seawater are described and the results discussed 
in Part III. 
PART I. CHARACTERIZATION OF DIGESTED SE~vAGE SLUDGE: A REVIEW 
2 . 1 Introduction 
The following section summarizes the biological process used to 
trea t raw sludge that originate s from the sources noted in Figure 1.1. 
The physical and chemical properties of the resulting digested sludge 
are then tabulated,and the physical-chemical interactions of sludge 
solids and trace me tals are also reviewed. 
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2 . 2 Sludge Diges tion 
Primary and/or secondary sewage sludge can b e diges t ed aerobically 
or anaerobically. Both methods result in a reduction of total solids 
for disposal and in a n improve me nt of dewatering a nd other handling 
prope rties . The anaerobic pathway is chosen most fr equently b ecause of 
low biological solids production , a high degree of waste stabilization , 
zero oxygen demand , a nd me thane fuel production. Slow bacterial growth 
and low b i omass in the a naerobic diges ters are possible shortcomings 
owing to low r esistance to process upset . (McCa rty, l964a,b,c,d). 
With conventional anaerobic digestion, a hydraulic r e t ention time 
in the reactor of 10 to 30 days is typical. The r eactor t empera tures 
are maintaine d at 37°C (99 °F) for the mesophilic range or 55°C (l31°F) 
if thermophilic digestion is prac ticed. As can be seen in Figure 2 .1, 
the minimum r etention time ( equivalent to maximum system efficiency) 
occ urs n ear these temperatures . Different strains of bacteria apparent-
l y predominate at these local optima (Rowe , 1971). 
The biological processes of anaerobic digestion are s ummarized in 
Figure 2.2. The two-step sys t em depends firs t on facultative a nd 
anaerobic bacteria (Pseudomonas , Flavobacte rium, Alealigenes , Entero-
bacte r) to decompose complex fa tty acids , proteins , and carbohydrates 
into organic acids , alcohols , a ldehydes , ammonia , and a refractory 
humus r es idue . A second group of bacteria (Methanobac t e rium, Methano-
sar cina , Me tha nococcu s ) converts the organic acids (including amino 
acids ) into methane (CH4 ), carbo n dioxi de (C02), ammonium ions (NH:) , 
bicarbonate , and b ac t erial bodies. The most importa nt r eaction 
pathways for CH
4 
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reduction (30%). Typical organic acids are listed in Table 2.1 and the 
major methane formation pathways a r e shown in Figure 2.3. Some produc-
tion of hydrogen sulfide (H2 S) also occurs with sulfur from protein and 
2-
sulfate ion (so4 ) reduction serving as the principal sulfur sources. 
In the two-step reaction described above, the methane producing 
step is rate limiting ; the bacteria involved at this stage are also 
more sensitive to toxic materials (trace metals , cyanides, etc.), pH 
changes, and temperature alterations. [Recent work on methane forma-
tion by Finney and Evans (1975) has indicated that methane production 
may be limited by transfer processes at the cell surface rather than by 
slow biological growth .] Any disruption of methane production is 
follm.Je d by an accumulation of organic acids forcing the pH to drop. 
This pH change further inhibits methane conversion. 
2.3 Physical Properties of Sludge 
2.3.1 Hater Content 
The water content of sludge is typica lly measured by evaporation 
to constant weight at 105°C . The r emaining solids, kno~vn as total resi-
due on evaporation (TROE), include both suspended and dissolved matter. 
The dissolved matter is known as non-filterable residue on evaporation 
(NROE) . TROE ranges for typical sludges are: 
- rm..r primar y sludge: two to seven percent by \veight (20, 000 to 
70,000 mg/1) 
unthickened activated s ludge : 0.2 to 1.0 percent by weight 
(2,000 to 10,000 mg/1) 
- trickling filter sludge : four to seven percent by weight 
(40,000 to 70,000 mg/1 ) 
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TABLE 2 . 1 





































Pathway::; in llethanc Fermentation of Complex Hr1:.tes 
Sllch as i'1unicipal Haste Sludge 
Percentages reprcseu t c onversion of was t e COD by var ious routes . 
Source : McCarty, 1964a . 
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digested primary sludge: two to six percent by weight 
(20,000 to 60,000 mg/ 1) 
The TROE of ra\.;r se\.;rage \dll usually be less than 2 ,000 mg per liter. 
When solids are measured by evaporation, volatile compounds such 











some organics are lost . Solids volatilized by combustion at 550°C 
(VROE, vo l atile residue on evaporation) vary from 60 to 80 percent for 
raw sludge to 30 to 60 percent for digested sludge . The r emaining 
solids are fixed residue on evaporatio n (FROE). 
The main importance of sludge water content is its influence on 
handling ease and transportation costs in disposal schemes . Separation 
of sludge solids from the liquid phase is typically done by air flota-
tion, v acuum filtrat ion, centrifugation, or drying on sandbeds. At 
five percent solids by weight, 19 tons of water must be hauled to a 
disposal site to dispose of one ton of solids. Since sludge is often 
generated some distance from viable disposal sites , the energy costs 
for hauling non-dewa tered solids can be prohibitive. Liquid sludge 
can also be piped to suitable sites for disposal or utilization. For 
disposal schemes such as sanitary landfillin g , a fairly-high solids 
content facilitates handling procedures. 
The liquid fraction of the sludge contains a substantial bio-
chemical oxygen demand (BOD), a large share of the nitrogen and phos-
phorus in the sludge , and the fine solid s (particles) not captured by 
dewatering. If the solids and liquids are separated , the liquid 
stream must also b e treated. In s u ch separation , the sludge loses the 
nutrients most n eeded if the sludge i s to be used as anything more than 
a soil conditioner when applied to the land . 
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2.3.2 Partic l e Size and Particle De nsity 
An introduction to the importance of partic le size distribution 
for sludge has a lread y been presented in Cha pter 1 . Partic le size to-
gether with particle de n s ity a lso affect the terminal settling velocity 
of particles r e lease d in the wa ter column . For pa rticles settling in 















particle settling velocity 
acceleration of gravity 
mass density of particle 
mass density of fluid 
absolu te viscosity 
particle diame t e r 
(2.1) 
(2.2) 
Both p and lJ v ary ,.lith t emperature as will be discusse d in Chapter 3. 
3 
For n a tural materia ls, p varies from close to 1 . 0 g /cm for some bio-
logical growths to 2.65 g/cm
3 
for typical silice ous minerals to about 
3 
4.0 g /cm for garnet sands. For Stokes Law settling, v a d 2 and 
s 
particle diamet e r i s the more sensitive p a rame ter. The i mportance 
of the d ensity term (p - p) on sludge sedimentation is difficult to 
s 
evaluate . The density diffe r e nce will be discussed further in 
Section 2.6 . 2 . 
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The solids in sewage have been c l assifi ed by size according to 
Rudolfs and Balmat, (1952) as: 
1. settleable solids 
2. supracolloidal solids 
3. colloidal solids 
4. soluble solids 
>100 ~ 
1 ~ to 100 ~ 
1 m~ to 1 ~ 
< 1 m~ 
Typical sedimentation processes in sewage treatment remove the settle-
able and some supracolloidal solids . Biological treatment and/or chemical 
coagulation can be used partially to remove colloidal and soluble solids. 
The fractions removed by sedimentation and/or biological treatment are 
raw sludge. 
Information abo ut the particle-size distribution of diges ted 
sludge is very limited. Raw and digested sludges from the City of Los 
Angeles Hyperion Treatment Plant have been wet-sieved, apparently using 
sta ndard soil sieves. The data from this work appear in Table 2.2 
(Garber and Ohara, 1972) and in Figure 2.4 (Garber , et al., 1975). 
The visible matter was lis ted as seeds, vegetable skins, fibers, bits 
of plastic sheeting or film, bits of bone , pieces of metal foil, fish 
scales, particles of soap, and bits of rubber and hair. With the pos-
sible exception of metal foil and bone , all of these materials should 
b e volatilized by the standard volatil e-solids testing ( combustion at 
550°C). Bits of egg s h e ll, grains of sand, and glass chips are also 
common among the gritty matter found in sludge.· Cigarette filters, 
coarse cellulose , and bits of plastic foam are representative of addi-
tional combustibles in the visible sludge fractions. Wet scr eening of 
sludge prior to ocean disposal effectively removes all visible matter. 
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TABLE 2. 2 
Sieve Analysis of Hyperion Digested Sludge(l) 
Sieve Percen t 
Mesh Size Opening Size Retained 
(rom) (by ¥7eight) 
8 2.38 0.87 
10 1.68 0.51 
20 0.841 5.60 
48 0.297 4.89 
65 0.210 1.60 
100 0.149 3.62 
150 0.105 0.65 
200 0.074 1.57 
passing 200 mesh 80.69 
























































































































































































































































































Two important facts can be drawn from Table 2.2 and Figure 2.4. 
First, the process of sludge digestion at Hyperion clearly reduces the 
sludge mean particle size. Since one of the chief goals of sludge di-
gestion is to stabilize the ra\v sludge, the particle size reduction, 
probably caused both by bacterial action on and degradation of compo-
nents of the sludge and by mixing, is expected. lVhile less than 50 per-
cent of the raw sludge at Hyperion will pass a 53-micron hole, 70 to 80 
percent of the digested sludge, depending on sludge digestion tempera-
tur~will pass the 53-micron screen . 
Second, the majority of digested sludge particles is less than 100 
microns in diameter, and thus is slow to settle and difficult to remove 
by sedimentation processes. The particulate specific s urface area, 
which varies as the diameter of the particle squared, should be high. 
These smaller particles should include bacterial cell bodies, fine 
cellulose, clay material, and Inineral precipitates, such as metal sul-
fides, Fe3o4 , etc. These smaller particles also have important bio-
logical significance , as was discussed in Chapter 1. 
2.3.3 Techniques for Particle Sizing and CountiE£ 
The precise counting and sizing of sludge particles is possible 
using several techniques, including ligh t and electron microscopy and 
electronic particle counting apparatus . Microscopic methods are 
limited, however, because of difficulties in sample preparation and 
handling. Electronic particle counting and sizing with a device such 
as a Coulter Counter allow for the rapid and accurate sizing of par-
ticles such as s ludge on a repetitious b asis over a large particle size 
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spectrum. Sizing of the particles by Coulter Counting has been used 
for approximately 20 years on such diverse substances as blood cells, 
clays, pollens, plastic beads, water-treatment floc, and oil droplets. 
Ext e nsive reviews of Coulter Counter applications and theory are avail-
able in Kubitschek (1960), Hachtel and LaNer (1962), Strickland and 
Parsons (1968), and Treweek (1975). 
2.3.4 Particle Sizing by Filtration 
The classic technique for particle sizing in geology and soil 
mechanics is sieve analysis (either dry or wet). This method, gen-
erally applied to the large r-sized particles greater than 400 mesh or 
37 microns , is reasonably fast and gives good results for particles 
that are nearly spherical in shape. 
An attempt has b een made to use Millipore cellulose ester mem-
branes to size sewage and sludge particles (see Chen, et al., 1974). 
However, previous work on marine particle filtration (see Sheldon, 1972; 
Sheldon and Sutcliffe, 1969; and Cranston and Buckley, 1972) c learly 
shows that cellulose ester membranes are unsuited for such s e para tion. 
Sheldon and Sutc liffe point out that one manufacturer of such membranes , 
Millipore, actually recommends that their product not be used in such 
applications . 
Sheldon and Sutcliffe (1969) and Sheldon (1972) used a Coulter 
Counter to examine the particle retention of nylon and stainless steel 
meshes , Whatman glassfiber filters, a nd Nuclepore and Millipore mem-
branes . With light particle loading and lmv vacuum (12-13 em of me r-
cury), the Millipore and glassfiber filters retaine d particles of much 
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smaller diameter than the manufacturers' stated pore size . The meshes 
and Nuclepore membranes showed 50 percent retention of particles (by 
number) at their manufacturers ' reported pore sizes. 
Cranston and Buckley (1972) examined the retention of latex 
beads , kaolinite clay , dissolved organics, and dissolved inorganics on 
five different membrane and fiber filters. Their interest was to se-
lect filters that gave the best particle retention and the most con-
sistent gravimetric results. The Nuclepore me mbrane performed best 
except for retention of dissolved humic materials; Nuclepore membranes 
were particularly good for not retaining dissolved salts from seawater 
filtration. 
Chen, et al. (1974) used centrifugation (up to 740g relative 
centrifugal force) to fractionate Hyperion digested sludge . Eighty-
two percent of the sludge solids and 60 to 80 percent o f the trace 
me tals (Cd, Cr, Cu, Fe, Hg, Mn, Ni , Pb, and Zn) were removed with 
centrifugation times of at least 10 minutes. The centrate was then 
filtered through 8.0~, 3.0~, 0.8~, and 0 . 22~ Millipore filters. Two 
percent (Cr and Zn) to thirty percent (Mn) of the trace meta ls remained 
in the fraction that passed the 0.22-~ filter . Eighty percent of the 
centrate solids by weight passed the 8.0-~ Millipore filter but all 
were retained by the 0 . 22-~ filter. The estimation of sludge particle 
size distributions from the data is crude at best. The initial centri-
fugation should remove some percentage of all particle size fractions. 
The capture efficiency of the Millipore filte rs should also increase 
with filter loading. 
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2.4 Sludge Chemical Constituents 
Knowledge of sludge chemical constituents is essential for the eval-
uation of potential sludge environmental impacts, for the selection of 
environmental parameters for monitoring efforts, a nd for attempts at 
modeling the chemical behavior of sewage sludge. The heterogeneous 
nature of sludge prevents the characterization of a typical sludge , but 
sufficient information is available to list typical concentration 
ranges for chemical constituents. The order of presentation that fol-
lows will be sludge metals, inorganic ligands, and organic ligands. 
2.4.1 Sludge Metals 
The data on metal in sludge have been arbitrarily separated into 
two categories--major constituents , e . g. Na and Ca , which are usually 
present as more than one percent (10,000 mg/kg) of the TROE and minor 
or trace con stituents , e . g . Ag and Pb, that individually make up less 
than one precent of the TROE. Trace constituents occasionally may be 
measured at concentrations greater than 10,000 mg /kg, but such values 
are clearly exceptional . (As mentioned in Chapter 1, the importance of 
particular metals is poorly understood. Measurements for any given 
metal often become available only after that metal is recognized as 
potentially dangerous in the environment . This situation has imposed 
a further limitation on the availability of sludge metal information.) 
2.4.1.1 Major Constituents 
The major metals found in sludge are Al, Ca, Na, Mg, and K; 
concentrations for these metals expressed as mg/kg dry solids appear 
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in Table 2.3. The sources to sewers a nd hence to sludge include water 
supply sys tems , g roundwater infiltration, surface runoff inflows, in-
dustrial discharges , and domestic waste . The metals importance is 
probably most pronounced in de termining the ionic strength in the sludge 
digester and,for Ca, in the effect on alkalinity through the precipita-
tion of calcium carbonate (CaC0
3
) . 




, in sludge 
digesters. Precipita tion of this material in the piping at the Hyperion 
treatmen t plant h as caused severe plumbing problems (Garbe r and Ohara, 
1972). 
2.4.1.2 Trace Metals in Sewage Sludge 
The trace metals studied in this rese arch, Ag, Cd, Cr, Cu, Fe, 
Ni, Mn, Ph, and Zn, were chosen to cover a spectrum of oxidation states 









, Cu2s , CuS, etc.). These metals, kno\vn to be present in 
sludge, can be measured with reasonable ease using Atomic Absorption 
Spectrophotometry (AAS) or X-ray techniques . Several of the metals, 
e . g . Cd, Ph, and Cu, have b een identified as toxic in the environment . 
Reported concentration ranges for the nine meta l s are summarized 
in Table 2 . 4 . The large variations can be trace d directly to sewage 
sources. The lowest concentrations were found in sludges r esulting 
from the treatment of domestic sewage . The highest levels were the 
consequence of industrial waste discharges to sewerage systems. 
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TABLE 2.3 
Major Hetals Found in Digested Sludge 
(mg/kg dry solids) 
He tal Concentration Range 
Al 5500 - 57500 
Ca 2500 - 52600 
K 1900 - 10900 
Mg 5000 - 14000 
Na 6600 - 16200 
Source: East Bay Hunicipal Utilities District, 1975; 
Orange County Flood Control District, 1974; 












Trace Metal Concentration Ranges(l) 
(mg/kg dry solids) 
CONCENTRATION RANGE TYPICAL RANGES 
4 - 150 10 - 50 
2 - 1500 20 - 1000 
16 - 40000 100 - 1000 
52 - 10400 400 - 2000 
6000 - 74000 10000 - 30000 
73 - 39000 100 - 500 
7 - 5300 100 - 500 
52 - 26000 200 - 2000 
570 - 49000 1000 - 3000 
(1) The extremes of concentration on the high side can be traced 
directly to industrial discharges. The low values generally 
come from plants receiving only domestic sewage. More typical 
values are shown in the third column. 
Source: Camp, Dresser, and McKee, 1975; East Bay Municipal 
Utilities District, 1975; Page, 1974; Shipp and Baker, 
1975; Van Loon, et al., 1973; Van Loon and Lichwa, 
1973. 
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2.4.1.3 Dissolved Trace Metals in Sewage Sludge 
The division between dissolved and particulate trace metals in 
digested sludges is a strong indicator for the p£, ameasure of the redox 
potential, within the sludge digester. (The implications of the p£ para-
meter \-'ill be discussed more comple tely in Section 3. 6.) The fraction of 
trace metals in solution is important to any disposal scheme because dis-
solved metals are more immediately and directly able to influence biologi-
cal processes. In sludge dewatering, dissolved metals obviously remain in 
solution and should be considered in the treatmentofthe liquid side stream. 
Few data on the partition bet\-'een dissolved and particulate 
metals are available. Theresults of analyses done on the City of Los 
Angeles Hyperion sludge as a part of a dewatering study are shown in Table 
2. 5. For the digeste d sludges the fraction of metals in solution falls 
into two categories : those less than one percent--Cd, Cr, Cu, Zn--and 
those less than seven perce nt--Ni and Pb. The Cu sample for mesophilic 
sludge shows 34 percent in solution while that for ra\-' sludge is 21 percent 
in solution, both at extreme variance from the other measurements . 
Measurements on dissolved and particulate trace me tals have 
also been made on a number of southern California sewage tre8.tment 
pla nt effluents by Galloway (1972). Galloway ' s values for LACSD 
effluent (Table 2 .6) a re very similar to those for Hyperion sludge di-
gesters , on a basis of percentage of dissolved metals, probably reflecting 
the combination of digested sludge centrate with the effluent from the 
primary sedimentation tanks in the LACSD system. It should b e noted 
that the total metal concentrations in the sludge are far higher than those 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.6) shows far larger percentages of dissolved trace metals, reflecting 
the secondary treatment given to about one-third of that plant's flow 
and also to the discharge of Hyperion's sludge through a separate sludge 
outfall. Mitchell and Schafer (1975) reported the following percentages 
of trace metals associated with the particulate phase for the effluent 














The inorganic ligands in sludge come from the water supply, in-
filtration and runoff, and domestic and industrial discharges. The 
process of anaerobic digestion breaks dotvn organics in the sludge, 
releasing bicarbonate, phosphate, arnrnonia,and sulfur from the fats, 
proteins,cellulose,and other matter. Amino acids and sulfate in the 
raw sludge are reduced to ammonia and sulfide during digestion while 
ligands such as chloride, fluoride, and bromide should be unchanged. 
The concentrations of ligands are important for the behavior of the 
trace metals, both in the digester and during disposal operations, 
owing to the formation of metal-ligand precipitates and complexes. 
Concentrations or concentration ranges for sludge inorganics, 
with the exception of NH
3
, orthophosphate , CN-~ and c1: are not readily 
available . Since inorganic ligands in general have far lower toxici-
ties than trace metals and many organic ligands, this dearth of infor-
mation is anticipated. Anderson (1956) reported phosphate (P205
), as 
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percent dry solids, ranging from 0.9 to 5.0 with an average of 2.7. 
For sludge at 25,000 mg/1 total solids the range is equivalent to 
225 mg/1 to 1200 mg/1, with an average of 675 mg/1 (pPtotal = 2.32*). 
Anderson also reported total sulfur concentrations of one percent dry 
solids (pS 1 = 2 .11). tot a 
Chloride data for sludges are sparse, with reported values 
around 300 mg/1. Cyanide concentrations are much smaller, on the order 
of 0.1 to 0.5 mg/1 for Los Angeles area sludges. The low concentrations 
of CN are far more significant, however, because the strong complexes 
that CN forms with Ag, Cu, Ni, and other metals greatly increase the 
fraction of such metals not bound to the particulate phase. 
2.4.3 Sludge Organic Ligands 
Organic ligands in digested sludge are important because many 
organics complex trace metals strongly, in competition with precipita-
tion and surface adsorption reactions. Metal-organic complexes are 
soluble in the sludge and thus increase the fraction of dissolve d 
metals. Any organic compound that enters the sewage system, or that is 
produced by the bacte ria present there , will be found in the sludge di-
gester. This heterogeneous mass includes common compounds such as pro-
teins, carbohydrates, cellulose, fats, and fatty acids as well as more 
exotic substances--e.g . halogenated hydrocarbons and polychlorinate d 
biphenyls (PCB). 
*The notation p[X] -log (molar concentration of X) throughout the text. 
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The characterization of organics in digested se\vage sludge has 
been mainly limited to organic acids, the main methane precursors in 
anaerobic fermentation . Acetic, propionic, butyric, pyruvic, formic, 
lactic, valerie, and succinic acids have all been identified by chroma-
tographic methods. (See Kaplovsky, 1952, and Mueller, et al., 1956). 
Acetic, propionic, and butyric acids are generally the predominant 
organics. The total concentrations of volatile acids for stable meso-
philic digesters, expressed as acetic acid., are 50 to 200 mg/1 ; for 
thermophilic digesters, a value of 500 mg/1 is expected . 
Phenolic compounds in LACSD sludge centrate were reported at 
1.8 mg/1 (Sanitation Districts of Los Angeles County, 1973). Total DDT 
flmvs from Hyperion sludge outfall (SCC\VRP, 1975) were 0. 0026 mg/1 
(16.9 kg/year) and for PCB ' s, 0.0030 mg /1 ( 21.5 kg/year). 
2.5 Physical-Chemical Inte rac tions of Sludge Solids and Trace Metals 
2. 5 . 1 A R.evie\v 
Consideration of sludge only on a physical basis or only on a 
chemical one is informative but falls short of reality because the 
chemical constituents are intimately connected with the particles. Two 
processes that collectively approximate the b ehavior of sludge in con-
tact with sea\vater, oxic mixing and sedimentation, are considered in 
the next section . 
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2.5 . 2 Sedimentation Expe rime nts 
Extensive work on the theory and use of sedimentation columns 
with both flocculant and nonflocculant suspensions has been done by 
McLaughlin (1958, 1959). Single and multidepth sampling from columns 
up to 1 . 2 m deep was made on sand , clay, and sewage-particulate sus-
pensions. Sweep flocculation was postulated to occur when faster par-
ticles overtake slow ones and the particles with different initial fall 
velocities become attached . Not surprisingly the effect of flocculation 
was found to increase with depth in the column. Experiments made with 
several different se\vage-treatment-plant effluents shmved great varia-
tion in velocity distribution between samples. However consistent re-
sults from samples from one source at one point in time were possible. 
Previous work on the sedimentation of sludge or sewage effluent 
solids in semvater or seawater-like liquids has been done by Brooks 
(1956), Myers (1974), and Morel, et al., (1975) . Brooks conducted ex-
periments with Hyperion digested sludge, diluted 20:1 with seawater. 
Solids were collected with Gooch crucibles. His data (see Figure 2 .5) 
showed that 50 percent of the solids had a settling velocity, v , of 
s 
-2 
less than 2.8 x 10 em/sec . (These data have been adjusted from 
3l.5°C, the experimental temperature, to l2°C.) Rapid flocculation 
of the sludge was observed visually . 
Myers diluted a 24-hour composite of Los Angeles County lfhites 
Point effluent 1:1 \vi th filtered seawater and captured the falling 
solids on Whatman type GF/C glassfiber filters. The composite sample 
contained primary effluent and centrate from digested primary sludge. 
The sludge centrifuges in the treatment plant captured 25 to 35 percent 















































































































































































































































































































































in the centrate. -3 The 50-percent v reported by Myers was 1.0 x 10 em 
s 
per second (see Figure 2.5). 
Morel, et al. (1975) reported sedimentation experiments run on a 
24-hour composite of sewage particulates and on the same composite di-
luted 10:1 with 0.5 M NaCl. Solids were captured on membrane filters; 
trace metal analysis was done for Cr, Cu, Fe, and Zn on the captured 
solids. 
- 3 




sewage/NaCl mixture the 50-percent v was less than 1 x 10 em/sec. 
s 
To a firs t approximation trace metals sedimentation paralleled that of 
the suspended solids. 
A direct comparison of the three experiments listed above is 
difficult because the solids-capture techniques were not the same, 
different solids were used, and the sedimentation media and the tempera-
ture varied . However, a range of sedimentation v elocities (1 x 10-5 to 
-2 
3 x 10 em/ sec) can readily be identified. The importance of experi-
mental conditions and their control is evident for future work as is 
the choice of sedimentation fluid and the solids - separation technique. 
For example , in the experiments by Morel, et al. (1975) the use of 
sodium chloride as the sedimentation fluid may not stimulate floccula-
tion as would the use of semvater which has a large concentration of 
divalent metal ions. 
2 .5. 3 Sludge in Oxic Seawater 
Any model of sludge discharges to the ocean must consider the 
interaction of sludge solids with seawater. The sludge comes from an 
anox ic environment, the digester, and enters one that is at least 
47 
mildly oxic. A change in the redox potentia l is coupled with a sharp 
change in the ionic strength of the surrounding medium. 
Oxic mix ing experime nt s have bee n run previously on Hyperion 
s ludge by Rohatgi and Che n (1975) and Mitche ll and Schafer (1975). 
Mitchell and Schafer reporte d tha t " • . . v e ry little change in the dis-
charge particula t e composition occurs even after 11 days of mixing with 
aerated seawater." 
Rohatgi and Chen mixed 50 : 1, 100:1, and 200:1 dilutions of 
sludge with filtered natural seawater at l5°C for periods of up to five 
weeks . They monitored suspended solids and trace metals (Cd, Cu, Cr, 
Fe, Mn, Ni, Pb, and Zn) by AAS. The measure d decrease of sus pended 
solids with time was seven to nine percent. The percent decrease of 
trace metals in the particulate form is summarized in Table 2.7, below. 
The fraction of trace metal r e leased or mobilized increased with increasing 






















































































































































































































































PART II. ~ffiASUREMENTS OF PHYSICAL AND CHEMICAL PROPERTIES 
OF DIGESTED SLUDGES: PARTICLE SIZE DISTRIBUTIONS, 
TRACE METALS, AND INORGANIC LIGANDS 
2.6 Measurements : Sludge Physical Properties 
2 . 6.1 Water Content 
The water content of all sludges used in this work was measured 
according to Standard Methods (1971). The TROE values ranged from 2.4 
t o 2.9 percent by weight, with 50 to 60 percent volatile on combustion. 
(See Table A.l for the actual results and Section 2 . 3 .1 for a definition 
of t e rms .) A NROE of 1270 mg/1 was measure d for Hype rion sludge; 59 
percent of the NROE was volatile on combustion. 
2.6.2 Particle Density 
Direc t density measurements of sludge particles were not made as 
a p a rt of the research but circumstantial e viden ce indicated tha t the 
fine material had a d en sity s ub s tantially greater than 1.0 gm/cm
3
• 
During the final stage of the separation procedure for the dissolved 
and particulate sludge fractions ( see Appendix A.S), sludge that passed 
an 8.0-~ Millipore filter was spun at 20K rp1n in an ultracentrifuge . 
Two distinct layers collected in the bottoms of the centrifuge tubes. 
The heavier layer was black like the majority of the sludge particles; 
the overlying l ayer was white. 
Since the sludge was l a ter found to be supersaturated with CaC0
3 
(see Section 2 . 7.1), there was a strong indication that the white layer 
50 




0), a white solid with ps = 
3 
1.77 gm/cm. Since the majority of the sludge particl es , by both weight 
(Section 2.6.4) and number (Section 2.6.3),was less than 8.0-~ microns 
in diameter and since the apparent density of the s mall particles was 
high, the sensitivity of the settling velocity vs to (ps - p) should be 
2.6.3 Particle Sizing by Coulter Counter 
2.6.3.1 The Coulter Counter 
The Coulter Counter depends upon the conductivity difference 
b etween particles and the surrounding electrolyte for particle detec-
tion. The s uspension is drawn through an orifice in the wall of a non-
conductive tube by an advancing mercury column. A current is passed 
between electrodes inside and outside the tube; the passage of a non-
conducting particle causes a voltage pulse which is proportiona l to the 
particle volume. This proportionality holds for particl es with diam-
eters from about two to 40 p ercent of the aperture diame ter. The 
voltage pulse is amplifie d by the Coulte r Counter electronics and the n 
scaled a nd sorted with a pulse height amplifier/multi-channel anal yzer 
(PHA/MCA). The 128-channel output from the MCA is then viewed visually 
on an oscilloscope and can also be transferred automatically to paper 
punch tape with an attached t e letype terminal. The output from the 
Coulter Counter for sludge is for spheres of volume equivalent to the 
randomly-shaped particles in the suspension. 
Particle suspensions mus t be fairly dilute to avoid problems 
of coincident passage of several particles through the aperture. The 
51 
volume sampled is set by electronic probes in the mercury column, which 
trips start and stop S\vitches as the mercury passes. The instrument 
used for this work had settings for sample volumes of 50 microliters, 
500 microliters,and 2,000 microliters. Four apertures, 30 ~. 70 ~. 
140 ~. and 280 ~ .were used in this work. The Coulter Counter was cali-
brated with polystyrene latex (PSL) spheres as described in Appendix B. 
The paper tape output from the MCA was transferred to card 
images which were subsequently edited to remove spurious data, es-
pecially data points for particles much larger than 40 percent of the 
aperture and for electronic noise. A computer program was then employed 
to convert channel counts and calibration information to particle diam-
eters, surface areas,and volumes. Particles were assumed to be solid 
spheres. This assumption was necessary considering the heterogeneous 
composition of sewage sludges . 
The particle spectra were purposely taken with overlap, both 
to check the correspondence among apertures and to provide continuous 
spectra over a large range of particle diameters. The plots of raw 
spectra generally showed similarly curved shapes; total particle counts 
were also within a factor of two to four for adjacent spectr~but at no 
point were the curves exactly coincident. 
The matching of spectra was a multistep process. The spectra 
for the original plots represented the average results of three to five 
runs on the Coulter Counter. The data were al'so smoothed using a 
simple running average on sets of five adjacent points. The number 
versus diameter plots were then examin ed visually. Two types of errors 
prevented coincidence of the curves. Dilution errors would increase or 
52 
decrease the number of counts and lead to v ertical displacement of the 
curves. Horizontal displacements would be caused by errors in the log 
base measurements or in the identification of correct channel numbers 
for the calibration particles. In reality both types of errors probably 
occurred making s imultaneous adj u stments more rea listic . 
( See Figure 2.6 for a schematic s ummary of error correction s. ) 
Other sources of error would b e non-uniform r esponse of a given 
aperture to the particle suspension and physical changes in time of the 
particle system such as flocculation or sedimentation. Such physical 
changes would al t er the size distribution while measurements were being 
made . 
The possibili ty of flocculation in the high ionic strength of 
the sodium chloride solution was countered by frequent agitation of 
particle solutions and sanification of samples before measurements were 
t aken. Stirring the s uspension between sampling runs was done for the 
140-~ and 280-~ apertures to prevent losses by sedimen t ation. The tele-
t ype output for successiv e runs on given samples was examined and showed 
losses or varia tions of less tha n 10 p e r cent. 
2 .6 .3 . 2 Coulte r Counter Results 
For da t a -ma tching , the errors were a ttribute d to both v a ria-
tio n s in dilution and in the log-base s e tting . Adjacent spectra were 
compared by overlaying one curve on the othe r and appropriate correct ion 
factors were then calcula t ed . The fitte d particle number versus d iame-
t er and res ulting volume v e r s u s diameter plots for both LACSD primary 
and Hyperion mesophilic sludges appea r in Figures 2.7 through 2 .10. 
~
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FIGURE 2.7 
Particle Number Dis tributions as Heasured 
with a Coulter Counter - LACSD Sl ud ge . 
Aperture s used are as shm·rn . 
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Ape rtures used are as indica ted. 
56 
35 
_ _ SLU_QGE PART! CLE NUMBER D I STR I BUT! ON I -r- --.----------~-r-----r----- , --·---
30~ I a. 30 P g 5 I 1\ Jo w 10 p 
~ ""'- 2sL I\ u.1 .., I 










Ol,-0 -'------'-2_1 ___ ~----t---
DfRMETER < 10-4 Ull 
b. 
I S 20 25 30 









O .O \;--.l--,2\i-0 ~Lu\;-..L::::::~6~0 ==o;;S~O ---;-;I00';;,---:-:12~0---,-JI"LO--jl60 
DfRMETER <10-4 CM l 
FIGURE 2 .9 
Particl e Number Distributions as Measure d with a Coul t e r Co unt e r 
Hype rion He sophilic Sludge . Apertures use d a re as indicated . 
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FIGURE 2.10 
Volume Dis tributions for Hype rion Sludge Calculate d 
from Numbe r Distributions in Figure 2.9. 
Apertures used are as indicated . 
58 
Six variations of aperture and instrumental settings were used to get 
a particle-size distribution over the entire size range. The particle-
number and particle-volume curves are prese nte d in adjacent pairs for 
comparison. 
The volume distributions, which are proportional to diameter 
cubed, were n either as smooth nor as we ll-fitted as the number dis tri-
butions . The "roughness" in the volume distribution curves, especially 
at the large diameter end of the spectrum,for any given aperture i s 
attributable to statistical uncertainty in the Coulter Counter da ta. 
For higher channel numbe rs (larger diameters) the particl e -number dis-
tributions clearly show tha t total counts per channel \.;rere lm.;rer . If 
the number of counts per channel is lm.;rer, the statistical significance 
is also lower a nd the fluctuations in the volume distribution result. 
Number, s urface a r ea , and volumes for the entire s ludge spectra 
are summarized in Table 2.8. As expected, the number counts are very 
high , especially for small diame t e r particles . The particles less than 
6.0 · ~ in diame ter constitute more than 97 percent of the total counts 
while contributing only 19 percent of the measured volume. The se 
smaller particles a r e in the size fraction that most seriously affects 
the penetration of light in the water column ( see Section 1.2), and 
hence are potentially the mos t deleterious if discharged t o the produc-
tive upper laye r s of the ocean. The total volumes measured, 4.15 x 10-2 
3 -2 3 
em /ml for LACSD sludge and 3 . 68 x 10 em /ml . for Hyperion sludge, are 
somewhat higher than .;.;rould b e expected based on the total solids in 
the s ludge. The bulk of this volume, 45 to SO pe r cent, comes from the 
two largest diame t e r intervals r e corded with the Coulter Counter. These 
59 
TABLE 2.8 
Particle Size Distributions by Coulter Counter 
LACSD Digested Primary Sludge 
Diameter Inte r val Aperture(l,
2)Number Sum Volume Sum Area Sum 
0.89 to 2. 72 30 1.06 X 1012 2.34 X 10-3 7.17 















20.10 to 32.62 140 1.44 X 10
9 10.65 X 10-3 2.77 















1.24 X 1012 l1. 51 X 10-2 
City of Los Angeles Digested Nesophilic Sludge 
Interval Aperture(l,







30 1.17 X 10
12 
70 1. 78 X 10
11 
70 2.06 X 10
10 
140 2.85 X 10
9 
140 1.04 X 10
9 
280 2.55 X 10
8 
1.37 X 1012 
Diameter Intervals - ~ 
Apertures - ~ (lo-6 meters) 









9.88 X 10-3 
3.88 X 10-
2 
Number Sums - Number of particles/liter 
Volume Sums - cm3/ml 
Area Sums - meters2/liter 











larger sizes may represent some flocculated material, in essence a 
duplicate counting of the smaller particles. If particle volume is 
assumed to b e directly proportional to particle weight, a substantial 
fraction of the sludge should settle rapidly. This r esult was not ob-
served in the sedimentation experiment s (see Section 2.8) and floccula-
tion of the sludge is more suspect. 
The surface area of the sludges, approximately 25m
2
/l, is high 
compared to natura l system such as the ocean, where surface areas of 
more than 1.0 m
2
/l are considered large . Since in the Coulter Counter 
measurements all particles are treated as spheres of equivalent volume, 
the calculated s urface areas a re conservative for a material as hetero-
geneous as sludge. The fraction of particles smaller tha n approxi-
mate ly 0.9 ~also was not measured in this work and may contribute an 
additional significant surface area input since the specific surface 
area of these particles is ve ry high. The similarity of the particle-
size distributions for the two sludges measured in this work should be 
note d. The TROE's for the two sludges are within 15 percent of each 
other , the numbe r counts within 10 percent, and the surface areas 
within two p e rce nt. 
2.6.4 Particle Sizing by Vacuum Membrane Filtration 
In the original plan for this research, particle fractionation 
by sieving (see Section 2.3.4) i . e . using microscreens (10, 20, or 30 
micron) and Nuclepore membranes, '~as a n ticipated to be a viable means for 
particle sizing. Microscreens are available in both nylon and stainless 
steel . The Nuclepore membranes are thin polycarbona t e sheets with very 
61 
uniform round holes etched through them; available pore diameters de-
crease in size from eight microns. 
Microscopic examination of dilute sludge suspensions revealed 
the majority of particles, at least by number, were less than 10 microns 
in diameter. Since trace metal analysis as well as particle sizing v7as 
planned, the us e of stainless-steel meshes was ruled out. Nuclepore 
membranes were selected,but there was a possibility that solids loading 
per unit filter area large enough to allow for metal analysis by X-ray 
techniques might alter the sieve-lik e properties of the membrane. 
Microscopic examination of 8 .0-~ membranes loaded with both 
1.1-~ and 15.8-~ PSL spheres showed some capture of 1.1-~ beads. (All 
filtration was done with vacuums of up t o 74 em of mercury.) Calcula-
tions were then made to determine the percent open area on the membranes 
and the theoretica l loading of spheres necessary to clog all the pores. 
If a randomly-shaped particle larger than a pore is lodged across a 
pore, fluid will continue to be drawn through the remaining opening, but 











Effects of Filter Clogging 
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The sample calculations of Table 2.9, where it is assumed one 
particle per pore causes clogging, emphasize this point. Even if several 
particles per pore are n ecessary for clogging in vacuum filtration situa-
tions, less than one milligram of materia l s hould be sufficient for com-
plete clogging of a filter surface with a 3.5 em diame t er . 
The actual p e rformance of Nuclepore membranes was tested in 
this research using a 100:1 dilution of LACSD primary sludge with sludge-
filtrate. The sludge-filtra t e dilution was applied in increasing volumes 
to sets of three membranes, mounted on a Millipore filter head, and the 
fluid drawn off by the vacuum. The membranes were then dried and the 
solids measured by we ighing . The results, shown graphically in Figure 
2.12, demonstrate the 8 . 0-~ membra ne efficiency increases with increasing 
solids loading . The efficiency for the 1.0-~ membrane is constant (cor-
relation coefficient for the linear b es t fit is gr eat er than .99). At 
the lowest loading the c a pture on the 8 . 0-~ membrane is 46 percent of 
that on the 1.0-~ membrane. The total solids captured were 0.338 mg on 
a 8 . 0-~ membrane (weigh t = 14 mg) and 0 . 734 mg on a 1.0-~ membrane 
(weight= 20 mg). At any lower total solids loadings , it is doubtful 
that accurat e and reproducible weight d e terminations could be made. (The 
linear weight-capture per volume added for the 1.0-~ filter confirms the 
choice of these filters for use in solids capture during mixing and 
sedimentation experiments, whe r e total loading per filter varied up to 
a factor of 10 . ) 
Photomicrogr aphs of 8.0-~ and 1 . 0-~ membranes (Figures 2.13 and 
2.14) were made to illustrate the rapid clogg ing at low loadings and 
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FIGURE 2 . 12 
Solids Retention by Nuc l epore Hembranes Lo.:1ded Hith A 
100:1 Dilution of Sludg~" with Slud ge Filtrate 
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a. Lightest loading (.03 mg/cm2) - Note 
partially clogged pores. 
b. As in a. above, higher magnification 
FIGURE 2.13 
Micrographs of Sludge on 8.0-~ Nuclepore Membranes 
Pores have a Diameter o f 8.0-u 
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a. Lightest loading (.07 mg/cm2) (1 em = 30 ~) 
b. Loading as in a. 
FIGURE 2.14 
Micrographs of Sludge on 1.0-~ Nuclepore Membranes 
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techniques. Both clogged and unclogged pores can be clearly seen in the 
8.0-~ photos at different magnifications . As the loading was increased 
the number of unfilled pores decreased. The time for filtering with 
10-ml loadings increased dramatically. The same phenomenon is evident 
for the 1.0-~ filters but the number of unclogged pores in the most 
lightly loaded filter is considerably smaller. At higher loadings, the 
pores are no longer distinguishable . 
2.7 Measurements: Sludge Chemical Constituents 
2.7.1 Major Metals 
Typical concentration values for the major ~e tals in digested 
sludge were previously listed in Table 2.3. Regular analysis for Ca , Mg, 
etc. was not done in this researc~ but evidence for the importance of Ca 
was found when an attempt was made to separate the dissolved from the 
particulate matter in sludge (See Appendix A.S). The dissolved phase, 
after separation and filtration through a 0.45-~ Millipore filter, was 
stored in a constant temperature room at 4°C. Within two to three days 
the previously clear solution became cloudy; after sitting for a period 
of several weeks, small crystals had formed in the sludge filtrate. A 
check was then made of a sample of sludge filtrate that had been sitting 
for approximately three months at 4°C. Clear crystals up to several 
millimeters long were found in a bottle of this filtrate. Spectrographic 
analysis and X-ray analysis of these crystals indicated they were 
calcium carbonates present as both aragonite and calcite. Since Caco
3 








2. 7. 2 Total Concentrations for Some Trace Metals in Se\vage Sludge 
Analyses for total trace metal concentrations in sludges were done 
for Ag, Cd, Cr, Cu, Fe, Mn, Ni, Ph, and Zn by flame AAS after an acid/ 
peroxide digestion of the samples. The analytical techniques are sum-
marized in Appendices A.3 and A.4. The metal concentrations for Hyperion 
and LACSD sludges are reported in Tables 2.10 and 2.11. Comparing these 
values to those in Table 2.4 it is evident that the metal concentrations 
in Los Angeles sludges fall at the upper end of the concentration scale, 
reflecting the industrial inputs to sewage flows. Source control pro-
grams could probably reduce the total metal present, as has already been 
done for Hg discharges to the City of Los Angeles sewerage system (Barg-
man and Garber, 1972) . However, studies by Davis and Jacknow (1975) on data 
from New York City; Allegheney County, Pennsylvania; and Muncie, Indiana, 
and by Klein, et al. (1974) in Ne\v York City have shown that 10 to 90 
percent of the total metal (depending on the metal a nd the region) origi-
nated from residential and commercial sources . Such sources are far less 
amenable to control programs. 
2.7.3 Dissolved Trace Metals in LACSD Sludge 
The dissolved trace metals in a sample of LACSD digested primary 
sludge were measured as a part of this research. The separation of the 
liquid sludge fraction from the particles is described in Appendix A.S 
and the metal analysis technique in A. 6. The fraction of dissolved 
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TABLE 2.10 
Trace Metals in Digested Hyperion (Mesophilic) Sludge 
Analysis by Atomic Adsorption Spectrophotometry (1) 
Metal gm Me / gm wet sludge 
(2) 
gm Me/gm Tot solids moles/1(3 
Ag 4.31 X 10 
-6 
1.82 X 10-
4 4.02 X 10-
5 
+ 1.38 






+ . 30 





Cu 5.48 X 10-
5 
2.32 X 10-




3.80 X 10 1.60 X 10-
2 6.85 
+ .15 
Mn 4.05 X 10-
6 
1.71 X 10 
-lf 
7.42 
+ . 22 
Pb 1.88 X 10-
5 
8.12 X 10-4 9.14 
+ .22 
Zn 7.75 X 10-
5 
3.27 X 10-3 1.19 
+ .76 
(1) Based on complete acid digestion of 10 gm of wet sludge, 
2.5% TROE. 
(2) Measured v a lue s r e ported as samples mean + 90% confidence 







(3) Concentrations include both dissolved and particulate me tals . 
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TABLE 2 . 11 
Trace Metals in Digested Primary Sludge from LACSD 
Analysis by Atomic Absorption Spectrophotometry (1) 
Metal gm Me/ gm wet sludge(
2) gm Me/gm Tot solids moles/1(3) 
Ag 0. 83 X 10-
6 
3.46 X 10-S 7.75 X 10-
6 
+ . 49 
Cd 2 . 12 X 10-
6 
8.83 X 10-S 1.90 X 10-s 
+ .05 
Cr 7.09 X 10-s 2.95 X 10-3 1.37 X 10-3 
+ .34 
Cu 3.19 X 10-s 1.33 X 10-3 5.06 X 10-4 
+ . 03 
Fe 6.86 X 10-4 2.86 X 10-2 1. 24 X 10-
2 
+ . 00 
Mn 6 . 39 X 10-6 2.66 X 10-4 1.17 X 10-4 
+ . 50 
Ni 1. 37 X 10-s 5. 71 X 10-4 2.35 X 10-4 
+ .03 
Pb 3.13 X 10-5 1. 30 X 10-3 1.52 
+ .25 
Zn 1. 29 X 10- 4 5.38 X 10-3 1.99 
+ . 10 
(1) Based on complete acid digestion of ~ 10 gm wet sludge , 
2 .4% TROE. 
( 2) Measured values reported as sample mean + 90% confidence 




( 3) Concentrations include both dissolved and particulate metals . 
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trace metals (s ee Table 2 .12) \lias far lm11er than that reported pre-
viously (see Section 2.4.1.3). This difference was attributable to 
one of two reasons. The first was the separation technique used in t his 
work, which minimized contact between the sludge solids and air (oxygen) 
until after the majority of solids h a d been removed. Direct filtra tion 
provides more contact between air and the sample and thus more oppor-
tunity for oxidation of sludge solids unless filtration is done under 
nitrogen. The second explanation may be the difference in the sludges. 
The author's sample was taken during the summer and showed a sulfur con-
centration of 2.3 p e rcent dry solids (see Section 2.7.5). A high sulfur 
content in a strongly reducing environment should tie up all the metals 
analyze d ( except Cr and Mn) as metal sulfides (see Section 3.6.2). The 
author's sample was a lso undiluted with effluent or seawater. 
2. 7.4 Sludge Inorganic Ligands 
Typical concentrations for sludge inorganic ligands have been 
presented in Section 2.4.2. For this work, NH
3
-N in Hyperion sludge fil-
trate was checked \IIi th an annnonia-specific ion electrode; NH
3 
= 1100 mg-
N/1 was found . This number compared well with the NH
3
-N concentration 
of 300 mg/1 reported for the Hyperion sludge outfall (SCC~~. 1975), 
where the flow is one part sludge and three parts effluent . Potentio-
metric titrations of Hyperion sludge filtrate gave Cl concentrations 
of about 200 mg/1; for LACSD sludge filtrate, the values were about 340 
mg/1. Alkalinity titrations of both Hyperion and LACSD sludge filtrates 
gave values of 4040 mg/1 and 2570 mg/1 (as Caco3), respective ly. 
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TABLE 2.12 
Dissolve d a nd Total Trace Metals Meas ure d in Diges t ed Sludge 
(LACSD) 
Dissolved (l) Total (l) % Dissolved 
Ag < 2.5 X 10-7 8.4 X 10-
4 
< 0.03 















Fe 5 . 8 X 10-
5 
6.9 X 10-l 0.008 










Pb < 8.8 X 10-
6 
3 . 2 X 10-
2 < 0.03 
Zn 2 .3 X 10-
5 
1.3 X 10-l 0.02 
(1) All va lues in gm/1 
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2.7.5 Sludge Elemental Analysis 
Direct elemental analysis of digested sludge can provide useful 
inputs for digester chemical modeling and can help in measuring non-
ammonia nitrogen and total sulfur. Sample drying by either heat or 
freeze-drying prior to analysis will result in the loss of ammonium bi-











ganic losses also occur. 
Freeze-dried LACSD digested primary sludge was run on a Perkin-
Elmer Model 240 Elemental Analyzer for H, C, N, and S as part of this 
research. As percent dry solids the elemental concentrations found were: 
H 4.6 percent 
C 27.8 percent 
N 2.8 percent 
S 2.3 percent 
(The absolute instrume ntal error is 0.3 percent; the variation of sample 
values was about 15 percent.) On a molar basis the averages give: 
H:C:N:S = [62.6):[31.7]:[2.78]:[1.00]. 
The value of H is probably high; the freeze-dried sludge is very hydro-
scopic . Handling and weighing exposed it to water vapor in the air. 
If the carbon measured by elemental analysis is organic carbon, 
thesedatacan be compared with the relation between organic carbon and 
percent volatile solids found by Mitchell and Schafer (1975) . Their 
measurements were for volatile solids and organic carbon in sediment 
samples near the Hype rion sludge outfall. Sediments in the area showed 
a strong influence from the outfall sludge discharge. The empirical 
r elationship is 
% organic carbon 0.484 (% VPS - 1.86) (2.3) 
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where % VPS =percent volatile solids (correlation coefficient = 0.993). 
The LACSD sludge was 52 percent volatile by combustion at 550°C. The 
corresponding organic carbon is 24.3 percent by the above equation, 
very close to the 27 . 8 percent reported for this work. 
The sulfur concentration here is of special interest, since sul-
fur, reduced to sulfide by anaerobic bacteria in sewage and during sludge 
digestion, apparently controls the chemistry of all trace metals analyzed 
in this research except Cr and Mn. (See section 3.6.3 for a de-
tailed explanation of relevant chemical modeling . ) Typical Los Angeles 
area drinking waters have SO~- concentrations of up to 300 mg/1 (~3mM). 
The sludge sample recorded above had a sulfur concentration six times as 
great, indicating the existence of either large sulfur discharge s to the 
sewers or of processes that tend to concentrate sulfur in the digesters. 
The dis charge of domestic and industrial wastes increase total 
sulfur in the sewage above the concent r ations found in drinking water . 
The average sulfur concentration should remain relatively constant 
throughout the year but the amount of sulfur reaching the sludge digest-
ers apparently varie s greatly. The hydrogen sulfide (H
2
S) content of 
digester gas at the Hyperion treatment plant varies by a factor of more 
than four with highest concentrations measured in the summer (lvade, 1976). 
This situation is expected since the sulfate in sewage can b e reduced 
bacterially to sulfide. Warm temperatures and long residence times en-
hance this conversion. Lower total flows occur· in both City and County 
of Los Angeles sewers during the dry warm summer months . With some 
trunk line s extending 50 to 100 km inland from the coastal treattnent plants, 
sewage flow times of up to 24 hou rs might be expe cted. 
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The total sulfur r eaching the sludge digesters is then sulfate 
ions at the same concentration found in the s ewage , s ulfur incorporated 
into proteinaceous solids, and metal sulfide particles. The efficiency 
of metal removal to the diges t ers might a l s o be expected to show some 
seasonal variation since me t a l s ulfides are extremely insoluble and 
occur as solids. The sulfide concentration in the sewage i s not always 
necessarily sufficient to precipitate all the metal s . 
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PART III. THE INTERACTION OF SLUDGE TRACE METALS 
AND SOLIDS WITH SEAivATER: SEDIMENTATION AND OXIC MIXING 
The following presentation looks at two processes that collectively 
approximate the behavior of sludge in contact with seaw·ater. The oxic 
mixing experiments, while only done at one dilution, allow for 
precipitation-dissolution, adsorption, and oxidation of metals in the 
particle system . The sedimentation experiments, done under quiescent 
conditions hardly like the ocean, do provide some insight into the 
settling and flocculation of sludge particles in seawater. The tempera-
ture used closely matches that found around the present day LACSD outfalls 
at IVhites Point and thus allows for the comparison of the experimental 
results from this work with field measurements taken by Galloway (1972) 
and others . The final section on metal analysis of particle fractions 
provides a crude estimate of the metals associated with particles 
trapped on 8 .0-~ and 1 . 0-~ Nuclepore membranes. 
2 . 8 Sedimentation Experiments 
Sedimentation experiments were made to observe the settling 
behavior after dilution in seawater of (a) sludge trace metals and 
(b) filterable solids. Such observat ions are necessary if predictive 
modeling is to b e done for sludge disposal to tQe ocean; in addition, 
they allow the comparison of sedimentation values measured in the labora-
tory with the trace-metal concentrations observed in the sediments a round 
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existing sludge discharges. A properly designed experiment also 
provides insight into the flocculation of sludge in a high ionic 
strength medium (e.g. seawater) and can be used t o calculate sludge 
particle diameters (or densities) if additional information on 
particle densities (or size distributions) is available. 
Sedimentation experiments in this research were carried out 
at 10.5 + 0 . 5°C in artificial sea~~ater. (See Table A.6 for a list 
of the seawater constituents and their quantities.) The artificial 
seawater (pH~ 7.9) was filtered through a 0.45-micron Millipore 
filter to remove the background solids. Digested primary sludge 
(LACSD) was used for all runs. All samples were take n at a depth of 
15 + 0.3 em with a volumetric pipette. A 2.0-liter graduated cylinder 
was used as a sedimentation column . Solids were separated from the 
solution with a 1 . 0-~ Nuclepore filter. Various sample volumes were 
chosen to keep solids loading per filter as uniform as possible . All 
samples were dried at 105°C and weighed to+ 0.000005 grams . Trace 
metal analysis was done by X-ray fluorescence (XRF) by Dan Shadoan at the 
Crocker Nuclear Laboratories , University of California at Davis. 
The experiments were designed to follow both the solids and 
selected trace metals upon sedimentation. Nuclepore membranes ~•ere 
chosen because of their favorable properties for metal analysis by 
XRF and because their particle-removal efficiency for the 1.0-~ size 
apparently increases linearly with solids loading (see Section 2.6.4). 
The technique chosen has several disadvantages which will be 
mentioned before experimental results are presented and discussed. 
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Sampling was done at only one depth by inserting a clean pipette. This 
method may disrupt the surrounding fluid and fails to measure the 
effects of flocculation as a multiple-depth sampling technique might. 
Multiple dilutions (500:1, 100:1, and 50:1) \-lere us e d in this \-Tork to 
test for flocculation effects. Repetition of experiments at 50:1 dilution 
indicated that the sampling technique was consistent if not uniform. 
Rapidly settling particles (large and/or very dense) were lost 
by sampling from the top only. These particles settled out before the 
initial samples were taken in a given run. Mass balances on the total 
solids and metals sho,ved that these particles did not constitute a 
large fraction of the total mass or of total metals. These "fast" 
particles could be very important, however, in the zone immediately 
surrounding any sludge discharge to the ocean. They are also easily 
removed by centrifugation of the sludge before discharge. 
Sample size was an additional limitation on these sedimentation 
experiments. At dilutions greater than 500:1, individual samples of 
100 or 200 m1 are necessary if trace-metal analysis by XRF is run 
and if significance is placed on the solids recovery. In a 2.0-liter 
graduate, a 100-ml extraction lowers the water surface by 2.0 em, 
hardly a point sample . Such large volumes require a sedimentation 
column of 4.0-liter capacity or greater. Uniform mixing of such 
volumes is a documented problem (McLaughlin , 1958). 
The results of four sedimentation experiments (one each at 100:1 
and 500:1 dilutions and two at50:1 dilutions) are shown in Figure 2.15 














































































































































































































































































































shown as points. The metal data from the same experiments for Cr, Cu, 
Fe, Ni, Pb, and Zn are plotted as points with the related solids curves 
in Figures 2 .16 through 2.18 . 
Comparison of the sedimentation curves in Figures 2.5 and 2.15 
showed that the sludge at 500:1 dilution settled more slowly than all 
samples but those taken by Morel, et al . (1975). The filterable solids 
concentration at the 500:1 dilution was~ 50 mg/1. Morel's 10:1 
dilution of effluent/NaCl should have had a solids concentration of 
25 to 30 mg/1. An experiment with a lower particle concentration would 
be expected to show less flocculation. (Possible effects from Morel's 
use of a NaCl solution have already been mentioned above .) Myers' 
particle separation \vith glass fiber filters and 1:1 dilution (final 
solids concentration of ~ 150 mg/1 ) accounted for the relatively fast 
sedimentation in this system. In the case of Brooks' '"ork (where the 
initial particulate concentration was ~ 1600 mg/1) visible flocculation 
was obs erved and the rapid sedimentation measured was expected. 
Increasing the dilution decreased the apparent sedimentation rate 
indicating that the sludge flocculated at low dilutions . This 
result 'vas not s urprising; higher dilutions decreased the fr e quency 
of particle-particle collisions necessary for flocculation . 
Sedimentation velocities for the highest dilution were us e d to 
calculate the appa rent spread of sludge after ocean discharge. In the 
case of the Whites Point outfalls of the LACSD, a plume-rise height 
of 30 meters was estimated. Ten percent of the solids as measure d in 
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Beh avior of Filterable Netal s Durinr, Sedimentation, 50 :1 Dilution 
So lid Curve is Fitted from Solids Data 
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Behavior of Filterable Metals During Sedimentation , 100:1 Dilu tion 
Solid Curve is Fitted from Solids Data 
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y/t + t y/v s 
v settling velocity s 
y plume height of rise 
t settling time, 




(about three to fifteen days). With local currents of five to ten em/sec, 
the maximum travel distances for the sludge would be 15 to 30 km for 10 
percent of the solids and 70 to 140 km for 20 percent of the solids. 
Galloway (1972) accounted for 15 to 20 percent of the total trace 
metals discharged at Hhites Point over the life of the system within 
five miles of the outfall complex . Myers (1974) found 0.5 percent of 
the discharged organic carbon within the same area. A r ecomputation 
of Myer's data by Hendricks (1976) gave three to six percent of the 
organic carbon close to the outfall. 
Sedimentation data alone were not adequate to explain the concen-
trations of metals and organic carbon of terrestial origin. Several 
explanations more readily described these local phenome na. Recent work 
by Roberts (1975) on model buoyant plumes has shown that cross-currents 
tend to bend the plume over so that it contacted the bottom very close to 
the dis charge site. This effect would bring the sludge particle field 
into direct contact 'vith the bottom and less settling distance 
was required before the solids reached the bottom. The plume was also 
more evenly mixed in the water column, and the pa rticles would have an 
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elevation distribution as well as a sedimentation-velocity distribution. 
More of the solids could settle out near the outfall. 
The second factor was temporal variations in local current pattern. 
The general flow trend for surface waters off Whites Point is north-
west to south-east. Recent current measurements (Hendricks, 1976), 
however, showed substantial local variation that would leave the average 
particle over the enriched zone immediately around the outfalls for up 
to five days. Such residence times reduced the potential travel dis-
tance by up to 80 percent. 
The third mechanism for increased solids fallout in the outfall 
locale was flocculation of effluent solids with natural ocean particles 
and with other effluent particles . An increased reside nce time as 
indicated by temporal velocity variations increased the solids content 
in the lvater column. The natural concentration of particles in ocean 
waters is low, but the initial 100:1 dilution of effluent at 300 mg/1 
of suspended solids puts the sewage and natural particles at approximately 
the same concentration. Flocculation is expected. 
At sufficiently high dilutions, the probability of interparticle 
collisions , and with them flocculation, becomesvery low. The solids 
concentration at which that point is reached is unknmm but the cal-
culation of vs for particles of known diameter suggested appropriate 
bounds on v s. Using Stokes Law with ll and p values for semvater at 
an 8.0-l..l sphere had a v range of 1.2 x 10-3 to 4.1 x 10-
3 
s 
3 em/sec for ps in the range 1.5 to 2.65 gm/cm • More than 70 percent 




the 500:1 dilution. Since at least 55 percent of the solids by weight 
had diameters l ess than 8.0 ~ (Figure 2.12), to a first approximation, 
dilutions greater than 500:1 did not significantly decrease sedimenta-
tion velocities. 
The metal data from the sedimentation experiments showed some 
scatter but several general conclusions are drawn. The scatter was 
probably due to inhomogeneities in the sedimentation columns, to the 
sampling technique, and to the final sample used for XRF analysis. Mass 
balances of metals in the first sample of each run (Table 2.13) showed 
good agreement between expected metals via AAS analysis and those found 
by XRF analysis. Nickel recovery was generally the poorest, probably 
owing to mobilization of nickel from the solids. Mixing experiments 
with LACSD sludge in aerated seawater showed that Ni was mobilized up 
to 60 percent in 28 days (Section 2.9) . Not surprisingly, Ni values 
throughout the experiments fell on or below the fitted solids curves. 
Chromium, Cu, Fe, and Zn consistently fell above the solids curve. 
Lead behaved more like Ni. Since Pb showed no mobilization in mixing 
experiments,it can be concluded that this metal was on larger and/or 
denser particles than Cr, Cu, Fe, and Zn, or that the differences were 
attributable to experimental errors. The total possible errors for 
metal analysis in the sedimentation experiments (estimated at ~ 30 
percent in Appendix A.7) were greater than the spread of any of the 
metal data from the solids curves. To a first ~pproximation, the 
metals settled with the filterable solids. 
87 
TABLE 2.13a 
Metal Mass Balances for Sedimentation of LACSD Digested 
Primary Sludge in Artificial Seawater at 10.5°C (1) 
#1 50:1 Dilution - Initial solids 502 mg/1 
Metal Total Metal Total Metal 
(2) 
Metal Found/ 
Found ( gm) Expected (gm) Metal Expected 

























Zn 6.67 X 10-
5 
6.50 X 10-5 103 
#2 50:1 Dilution - Initial solids 497 mg/1 
Cr 3.46 X 10-5 3.58 X 10-
5 
97 
Cu 1.54 X 10-5 1.60 X 10-
5 
96 





Ni 5.51 X 10-
6 6.90 X 10-
6 80 
Pb 1.46 X 10-5 1.58 X 10-
5 93 





(1) All total metals values found are for the first sample of 
each experiment, by XRF. 
(2) Total metals expected are based on total sludge metals by 




Metal Mass Balances for Sedimentation of LACSD Digested 
Primary Sludge in Artificial Seawater at 10.5°C (1) 
#3 100:1 Dilution - Initial solids 254 mg/1 
Metal Total He tal Total Metal(
2 ) Hetal Found/ 
Found (gm) Expected (gm) Metal Expected 
Cr 1.67 X 10-
5 
1. 79 X 10-
5 
93 























114 500:1 Dilution - Initial solids 50.4 mg/1 
Cr 3.34 X 10-
6 
3.58 X 10-6 93 
Cu 1.48 X 10-
6 
1.60 X 10-6 92 


















(1) All total metals values found are for the first sample of 
each experiment, by XRF . 
(2) Total metals expected are based on total sludge metals by 
AAS from Table 2.11, with appropriate dilution factors. 
(%) 
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2.9 A Time History of Sludge in Oxic Seawater 
As a part of this research, aerated mixtures of sludge and 
artificial seawater were monitored for pH, filterable solids, and trace 
metals with time. Both Hyperion and LACSD sludges were used . These 
experiments provided insight into the behavior of sludge on mixing and 
were also necessary for the separation of the phenomena of mobilization 
and sedimentation in trace-metal dat a from sedimentation experiments. 
For the experiments in this tvork digested sludge was diluted 
100:1 vTith artificial seawater , in a completely mixed aerated reactor. 
A four-liter acid-washed polyethylene bottle was used as a reactor . 
Stirring was provided with a polye thylene propeller turned by an 
electric motor. Compressed air, bubbled first through doubly-distilled 
water, tvas used to keep the system oxic . All experiments were done 
in a constant-temperature, constant-humidity room at 10.5°C + 0.5. The 
artificial seawater was pre-filtered through a 0 . 45-micron membrane 
filter to remove background solids . 
All samples t~Tere taken with 25-ml volumetric pipettes and the 
solids separated with 1.0-~ Nuclepore membranes. Before each sample 
was taken the reactor t·Tas capped and inverted several times to insure 
the complete mixing of the contents. No visible loss of solids to the 
reactor walls or the stirrer was detected. The pH was checked on most 
samples. Total filterable solids were measured by tveighing after 
drying and metals t11ere quantified by XRF. Duplicate samples tvere taken 
for a limited nurober of points and metal analysis performed on these 
samples for Cr, Cu, and Fe by flame AAS. 
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A mixture of Hyperion mesophilic sludge and seawater was run for 
ten days. A mixture of LACSD primary sludge with seawater was run for 
28 days . The solids decrease in each experiment was less than 10 
percent. Visually, initial samples taken from the reactor were black 
when filtered onto the Nuclepore membranes. After several days of 
aeration the samples were brown,indicating some physical or chemical 
change had taken place in the interim. The pH rose systematically 
from 7.9 to 8.3 or 8.4 over the course of the experiment. This pH 
change is difficult to explain. The dissolution of metal sulfides 
or the oxidation of organic nitrogen would possibly account for the 
pH increase. In a real ocean system, increased dilution and the 
natural buffering capacity of the seawater prevent such pH changes. 
The trace-metal data in all cases were normalized with the 
filterable solids weight, to check for mobilization of metals from 
the particles. The solids, trace metals, and pH data appear in Table 
2.14. Initial examination of the metal data showed no systematic 
changes in metal capture with time except for Ni. Trace metal balances 
were then run as 
1 
n 




s = n (2.6) 
where 
m average metal capture 
m. grams of metal captured on the i-th filter 
1 
s. grams of solids on the i-th filter 
1 
s solids specific metal capture 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The m's (see Table 2.15) compared favorably for total metals b ased on 
AAS analyses , ass uming no mobilization (with the exception of Ni). 
The high values for Cr, Cu, Pb , and Zn by XRF in the Hyperion run may 
be caused by sampling errors . These samples were the first prepared 
for the XRF analysis . A calibration error for the XRF analyses was 
also a possible source of error . However, the total errors were 
within the experimental error bounds. The s values, when compared to 
weight-specific metal data from the total sludge (see Tables 2.10 and 
2.11), were again quite reasonable. Statistical analysis of the metal 
data for trends was inconclusive excep t for Ni. A plot of (m./s.)N. 
~ ~ ~ 
versus time (see Figure 2.19) showed a substantial mobilization of Ni 
for both sludges . The mobilization of Ni was extremely r apid , with 
the majority of the change complete in less than one day . 
This mobilization may be caused by surface desorption with the 
increase in ionic strength and/or to the oxidation (or dissolution) of 
NiS . Other metals may in fact be released by dissolution and/or 
2 
oxidation but with the abundance of surface area (at least 25 m /1 
from Coulter Counter data) they would be r e-adsorbed immediately onto 
particles. 
2.10 Metal Fractionation by Filtration 
The sieving of sludge particles by vacuum filtration has already 
been introduced in Section 2.3 .4 and 2.6.4. Evan the most sieve-like 
membranes available t e nd to clog readily and thus intercept particles 
far smaller than the s tated pore size. The same membranes used for 
the solids fractionation were also analyzed by XRF for Cr, Cu, Fe, Ni, 
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TABLE 2.15a 
Metal Mass Balances on Mixing EA~eriments 
LACSD Digested Prima ry Sludge 
Metal Total Metal(
2 ) Total Metal ( 3) 






Cr(l) X 10_5 
X 10_
6 
Cu(l) 0.78 X 10_4 
8.0 X 10_
4 
F:(l) 1.7 X 10_6 1. 72 X 10_6 
Nl(l) 2.0 X 10_6 
3.45 X 10_6 
Pb(l) 7.4 X 10_5 
7.88 X 10_
5 Zn 3.33 X 10 3.25 X 10 
(1) Based on the average of 16 samples (iii). 









(3) Based on AAS analysis for total sludge metals. 
TABLE 2 . 15b 
Metal Mass Balances on Mixing Experiments 
Hyperion Digested Mesophilic Sludge 
Metal 
Total Me t al Total Metal(
2 ) Metal Found/ 
Found ( gm) Expected (gm) Metal Expected 





Cr(l) X 10_5 
X 10_
5 94 
Cu(l) 1.29 X 10_5 
1.38 X 10_5 94 
Fe 9.34 X 10 9.58 X 10 98 





-5 116 Cr(l) X 10_5 
X 10_
5 




Fe 9.33 X 10_6 9.58 X 10 97 
Ni (1,3) 3 . 72 X 10_
6 10-6 Pb (l) 5.75 X 10 4.73 X 121 
Zn 2.62 x 10-5 1.95 X 10-S 134 
(1) Based on the average v a lue for 12 samples. 
(2) Based on AAS analysis for total sludge metal content and 
a dilution of 1 part sludge + 99 parts artificial seawater. 
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FIGURE 2 .19 
Mob iliza tion of Ni Away From the Sludge Particles Dur ing Hixing in Oxic 
Semvater 
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Ph, and Zn. The Ni data were inconclusive but the behavior of the other 
metals followed that of the solids very closely. For the 1.0-~ Nuclepore 
membranes, the mass of metals captured plotted against volume loaded 
gave linear fits with correlation coefficients greater than 0.99 in 
all cases. Comparison of metals captured on the 8.0-~ membranes to 
those on the 1.0-~ for the lightest filter loadings were Cr (44%), 
Cu (49%), Fe (60%), Ph (64%), and Zn (46%). These values indicate some 
difference in the association of particular metals with given particle-
size fractions. The order of capture agreed with the metal sedimentation 
data. Chromium, Cu, and Zn, which all lay above the solid sedimentation 
curves (see Figures 2 .16 through 2.18) showed lower capture efficiencies, 
suggesting metal association with smaller particle sizes. Lead,whose 
sedimentation data fell on or below the solids curves, showed larger 
capture efficiencies on the 8.0-~ membranes and hence larger particle 
size association. 
2.11 Summary 
Physical, chemical, and physical-chemical properties of digested 
sewage sludge h ave been reviewed in the preceding sections and the 
results of this research into these areas have been presented. Particle-
size distributions for two sludges over a range from one to 60 ~ were 
measured using a Coulter Counter. By number of count, particles with 
diameters less than 10 ~ are predominant although they make up less than 
20 percent of the total volume measured. Based on Coulter Counter measure-
ments, the surface area of the sludges is conservatively estimated to 
2 
be 25 m /1. 
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Attempts at particle sizing by vacuum filtration with Nuclepore 
membranes showed that the capture efficiency of the 8.0-~ membrane 
increased rapidly with increasing loading. These membranes a r e thus 
unsuited for sizing using vacuum removal of the liquid phase. However, 
at the lowest loa ding applied, 8.0-~ membranes captured 46 percent of 
the weight r e tained by the 1.0-~ membranes. 
Chemical measurements on the sludge samples included total and 
dissolved metals in LACSD sludge and total metals in Hyperion sludge. 
Ninety-nine plus (99+) percent of all metals but Mn were associated 
with the particula t e phase. Analysis for chloride, ammonia, and 
total alkalinity gave values typical for digested sludges. Elemental 
analysis of freeze-dried sludge samples showed sulfur levels of approxi-
mately two percent by weight. 
The physical-chemical interactions of digested sludge with arti-
ficial sea~vater were measured during both sedimentation and oxic-mixing 
experiments. Sedimentation experiments demons trated that sludge floc-
culated in seawater and the extent of flocculation decreased with 
increasing dilution. Trace metal analysis by XRF for Cr, Cu, Fe, Ni, Pb, 
and Zn, indicated that Cr, Cu, and Zn settled more slowly than the 
filterable solids while Ni and Pb settled as fast or faster than the 
solids. The Ni behavior was attributed to either association with 
faster settling particles or to desorption or dissolution from the 
particles. To a first approximation the metals . and the solids settled 
together. The oxic mixing of sludge in artificial sea~vater simulated 
the behavior of sludge upon discharge to actual oxic ocean waters. Of 
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the six metals analyzed only Ni showed significant mobilization away 
from the particulate phase. Metal analysis from the particle sizing by 
v acuum membran e filtration gave results in agreement with those from 
the sedimentation experiments. 
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CHAPTER 3 
A PROPOSAL FOR SLUDGE DISPOSAL TO THE SAN PEDRO 
AND SANTA MONICA BASINS 
3.1 Introduction 
Present practices of sludge disposal to the ocean, usuall y made in 
close proximity to the highly productive surface waters, are generally 
unaccep table because of possible adverse environmental impacts. This 
chapter is a proposa l to make use of far-less-productive, near-coastal, 
deep bas ins for the continued ocea n disposal of sludge . These geologic 
structures, specifically the San Pedro and Santa Monica Basins, are 
natural sediment traps nearly devoid of life. They are deep (over 600 
meters) and close to the shore (less than 24 km). If digested sludge, 
which comes from an anoxic*, anaerobic environment, \~as depos ited 
in these natural sinks , the economic advantages of ocean discharge could 
be maintained while adverse environmental impacts would be minimized. 
In the presentation that follows , the coastal oceanography and 
geochemistry of the San Pedro and Santa Monica Basins will b e 
summarized to sho\~ the stable local conditions in the target area for 
discha rge. Near-coas tal and basin biology will be reviewed so that 
e nvironmental impac ts may be assessed. The actual analysis for the 
*Anoxic as it is used throughout this work means devoid of dissolved 
oxygen (D.O.) in contrast to anaerobic, which refers to the bio-
chemical pathways utilized by certain bacteria. 
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disposal plan includes 1) computer modeling of the sludge discharge 
as a buoyant plume in the ocean; 2) chemical modeling of the behavior 
and effects of the chemical constituents of sludge (both on a stoichio-
metric and on an equilibrium basis; 3) sedimentation analysis using 
experimental results from Chapter 2 combined with documented data on 
basin sedimentation; and 4) estimates of the effects of diffusion 
and dispersion on the dissolved constituents and particulate matter 
in discharged sludge . The methods of sludge transport will be 
confined to pipeline discharge of sludge flows from the City of Los 
Angeles and LACSD Treatment Plants . A total assessment of environ-
mental impacts of the proposed discharge will conclude this chapter. 
The analysis that follows is specifically oriented toward 
the ocean sludge discharge possibilities for Los Angeles County. 
The concepts used and the modeling carried out could be easily 
adapted for any sludge disposal plan to the ocean. 
3.2 Coastal Oceanography 
If sludge is to be disposed of safely and efficiently in the 
ocean off southern California, careful consideration must be given 
to local oceanographic conditions. Target areas for sludge disposal 
are the Santa Monica and San Pedro Basins, indicated on Figures 3.1 
and 3.2 . These depressions are apparently the partially-filled 
remnants of successive block faulting of the late Miocene period. 
The depth of sediment within them is already over 3000 meters. 
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FIGURE 3 . 1 
l·iarine Basins off Southern California 
The hrttched area denotes t he Continental Shelf . The San PeC.ro 
an(l Santa NonicR. Basins are indica t ed by ( • ) and (* *) respectively. 












































































































































































FLOW OF BOTTOM WATER 
BETWEEN BASIN 
o so roo 
NUMBERS SHOW 34° 
TEMPERATURE 
AT BOTTOM °C 
\•late r Flmv Pattern in the Coastal Harine Basin s 
The hatched a rea denotes the Cont i nental Shelf 
Source : Emery , 1954 . 
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Basin filling is a continuous process and includes detrital fallout, 
atmospheric fallout, diffusion of sediments from the shore, and tur-
bidity flows from submarine canyons (Emery , 1960). 
3.2.1 Basin Water Circulation 
The temperature and salinity measurements over the l ast 40 
years indicate that the waters of the Santa Monica and San Pedro 
Basins flow in from the southeast (Emery, 1954). The basin sill, 
the lowes t point in the surrounding rim, allows deep-ocean water 
to flow into successive basins as shown in Figure 3.3. Only water 
from above the sill depth can enter the basins, and since ocean 
temperature decreases with depth, a series of basins,each shallower 
than the one directly "upstream" from it, will be filled with 
successively Harmer water. Temperature, water density, and dissolved 
oxygen (D.O.) belov7 the sill are nearly constant. (See Figures 
3.4 through 3.7). In lateral cross section the same stability is 
present (see Figure 3 .8). The D.O., an important biological 
parameter, is particularly low. In the open ocean the D.O. decreases 
with depth down to a minimum betw·een 500 and 800 meters and then 
increases slowly with further depth. Since the sill depths of the 
Santa Monica and San Pedro Basins coincide with the D.O. minimum 
for the waters of the open ocean, these basins are nearly depleted. 
Average D.O. concentrations are less than 0.4 mg/1, 'tvhile 
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FIGURE 3.4 
Temperature -De pth Curves for the Open Ocean and for Basins Bclo~• 
Sill Depth. Short horizontal lines indicate depths of sil l s a nd 
basin bo ttoms . 
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Biochemical data on the rate of oxygen deple tion w·ithin the 
Santa Monica and San Pedro Basins suggest water-residence times of 
about two years . The principal mixing mechanism with overlying 
waters has been postulated to be internal waves. Upwelling of 
denser ocean waters and turbidity currents are o t her possible mixing 
agents that have been documented in the adjacent Santa Barbara Basin. 
This phenomenon will be discussed further in Section 3.3 . 
3.2.2 Currents in the Deep Basins 
Values for basin currents a r e necessary in order to estimate 
the travel distances of sludge particles or f loes from sedimentation 
data. A limited number of current measurements have been made using 
both current meters and dye studies. Directly above the bottoms of 
San Pedro and Santa Monica Basins, Emery (1954) measured currents 
of 7 to 10 em/ sec. He suggested that bottom currents, possibly caused 
by deep seiches, may be more intense than those currents a short 
distance above the bottom. Minard (1968) reported measurements of 
the drift of dye clouds at the bottom of the San Pedro Basin of 
0 . 5 to 1.0 em/sec. In the nea rby Santa Barbara Basin, Sholkovitz 
and Gieskes (1971) found currents of 2.6 em/sec at a depth of 280 
meters and 6 .1 em/ sec at 430 meters. 
An a lternative approach to current measurement is to assume 
relative isolation of basin water b e low the sill depth as indicate d 
by temperature a nd salinity data,and then to consider mass exchange 
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of basin waters with time scales set by D. O. and nutrient measure-
ments . 
years. 
These values show basin residence times of less than two 
The volume of the Santa Monica Basin is about 200 km
3 
below 700 meters. If a further depth of 200 meters to the bottom 
of the basin is assumed, and if a greatest width of 24 km latera lly 
and a residence time of one year are set, mean velocities of 0.1 
to 0.2 em/sec can be calculate d. At narrower cross sections, a 
value five-fold greater might be reasonable, with still greater 
velocities expected at the basin sills. For the purposes of 
sedimentation analysis later in this chapter, velocity v a lues of 
0.1 to 10.0 em/sec will be used. 
3.3 Biology of Near-Coastal Basins 
Possible biological effects of deep water sludge disposal 
measure the ultimate and most important environmental impact of 
this disposal plan. ~vo major sources of information about marine 
life in the San Pedro and Santa Monica Basins are available. One 
of these sources is direct enumeration of species in actual bottom 
samples . The other is indirect but more ~evealing in the long 
term, viz.an examination of box cores taken from the basin floors. 
Inferences can be made about the history of the basin bottoms from 
the latter source. An additional resource is the more complete infor-
mation available from studies in the Santa Barbara Basin, another 
southern California marine basin with similar depth and comparable 
che mical behavior. 
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The bottoms of the San Pedro and Santa Monica Basins are 
described as "impoverished-to-dead" in an Allan Hancock Foundation 
report by Hartman and Barnard (1958). Such bottom conditions are 
expected because the D.O. is so lmv in the overlying waters . Organic 
debris that settles out from the more productive surface waters is incom-
plete ly oxidized as it falls . Oxygen demand then continues in the sedi-
ments and anoxic conditions unfavorable to most life forms higher than 
bacteria result (Davis, 1967). Actual animal specimens recove red 
from the San Pedro Basin floor include t~vo polycheates (Phyllochaetop-
tersis, a chaetoptria l and Protis pacifica Moore, a serpulid) and also 
the shell of a scallop (Cyclopecter, sp. unkno~m). The same species 
were recovered from the Sa nta Monica Basin. These species occur in 
much greater numbers at sill depth and on deep slopes . It h as 
b een suggested that the samples recovered from the basin depths may 
be vegetative individuals from the sill depth or slope communities . 
2 
Biological productivity measured in grams of biomass p er meter is 
2 
less than 1.0 gm/m , at least a thousa nd-fold less than that for 
productive coastal v7aters (SCC\VRP, 1973) . 
Box cores from the bottom at two stations shmved varved 
(layered) sediments on the surface , in one case indicating an ab sence 
of bottom life for at least 50 years (Minard, 1968). Below that 
level, however, the sediments ~vere well mixed with numerous evidences 
of ~;rorm burrmvings. Similar phenomena have been observed in 
sediment cores from the Santa Monica Basin. Intense upwelling has 
also been measured in the Santa Barbara Basin. Such up~velling 
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apparently occurs when a mass of dense water from the deep ocean, 
rich in oxygen and nutrients, is pushed over the basin sill, displacing 
the warmer oxygen-depleted water within the basin (Sholkovitz and 
Gieskes, 1971). Until the ne\-7 oxygen supply is depleted, the bottom 
might support a much more active and numerous bottom fauna. Since 
the rate of biological degradation and physical change is apparently 
very slow, worm tubes, burrowing mounds, and other remnants from 
periods of intense activity might persist for many years. A second 
mechanism for oxygen replenishment in the Santa Barbara Basin is 
turbidity currents, apparently originating at sill depths (Sholkovitz 
and Soutar, 1975). 
The San Pedro and Santa Monica Basins are similar to the Santa 
Barbara Basin in depth, distance from the shore, and bottom geo-
chemistry, but their means of '"ater r eplenishment probably differs. 
The Santa Barbara Basin, '"hich receives its waters from the north,-7est, 
is separated from the open ocean by only one topographic feature. 
Water that reaches the San Pedro and Santa Monica Basins at depth 
must flow in from many kilometers to the south . On that basis, the 
possibility of up,.,elling such as that documented for Santa Barbara 
seems remote. 
Turbidity currents are probably far more important. Several 
major submarine canyons empty into the Santa Monica Basin. Cores 
from both the Santa Monica and San Pedro Basins also show many 
thick layers of sand, which are strong e vidence for turbidity flows. 
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3.4 Chemistry of Basin Sediments and Overlying Waters 
Some understanding of the chemical processes of the near 
coastal basins is necessary in any attempt to predict the fate of 
sludge discharges to those regions. In the discuss ion below, the 
basin sediments and overlaying waters will be considered separately . 
The sediments of the San Pedro and Santa Monica basins are 
described as green mud , ~vith averages of 25.5 percent Ca co
3 
and 
seven percent orga nic matter by weight . (The rate of sediment 
accumulation will be discussed in the follmving section.) Sediment-
water content decreases with depth owing to compaction by the over-
burde n. The Eh, a measure of the r edox potential, is 0 or negative, 
indicating a r educing environment . The ammonia concentration 
increases with depth, mainly from the oxidation of organic matter. 
At least 90 percent of the nitrogen is found as organic nitrogen. 
The majority of the phosphate is inorganic, either as precipita ted 
or adsorbed species. 
The basin waters belmv the sill depth are nearly uniform in 
chemical composition; typical nitrate and phosphate concentrations 
are 35 ~M and 3.2 ~M resp ectively. Dissolved oxygen values range 
from 0.14 mg/1 to 0.52 mg/1. Ammonia nitrogen is not measureable . 
Higher concentrations of nitrates and phosphates have been measured 
in waters directly above the bottom, apparently as a result of 
diffusion of the interstitial waters out of the sediment. These higher 
concentrations extend no more than 0.5m above the bottom. The pH 
ranges from 7.7 to 7.8, increasing slightly nea r the b asin bottom 
(Ritte nbe rg, et al, 1955). 
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3.5 Natural Sedimentation in the San Pedro and Santa Monica Basins 
The impact of sludge discharges to near-coastal d eep basins cannot 
be assessed without comparing the natural sedimentation rates to thos e 
increments expected from the projected sludge flows. As \vas mentioned 
earlier, the basins are natural sediment traps, slowly being filled with 
sand, silt, and clay from stream runoff, wind-carried dust fallout, and 
calcareous, siliceous, and organic detrital matter. As this material 
falls in the water column it can affect the surrounding water by exert-
ing a local oxyge n demand, by dissolving, or by capturing other suspend-
ed materials. 
Once the material reaches the bottom, it undergoes burial by the 
subsequent fallout, it is decomposed aerobically or anaerobically by 
bacteria, or it is reworked by higher organisms. With sufficient bottom 
currents, resuspension may continue the mixing and movement of the 
materia ls; however , resuspension is highly unlikely. For the basin 
sill areas , where water flows are greater and currents faster than the 
basin bottoms, winnowing of the sediment has not been observed. Emery 
(1960) has said of the sill areas, " • .. it is unlikely that the currents 
required for the knmvn replenishment of basin waters are sufficiently 
fast to still control the sediments. " The varved nature of the sedi-
ments indicates little or no reworking by higher organisms. 
Sedimentation rates have been measured in the San Pedro and 
Santa Monica Basins by dating cor e samples. Sediment traps have also 
been used in the Santa Ba rbara Basin. For core samples, the age is 
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established by counting varves or by isotopic analysis for 
14c or 
210Pb. The total dry weight of sediment in a unit area column is 
the n corrected for dissolved salt content and compaction. Total 
corrected weight per unit area divided by the total age gives the 
sedimentation rate. The results of s u ch analysis are reported in 
Table 3.1. For sediment traps ,the calculation is simply the total 
mass of sediment trapped per unit area of trap surface divided 
by the time the trap is left in place. The results from sediment 
traps must be viewed with skepticism, however, since the natural 
processes of resuspension and biological degradation are prevented 
from occurring. 
Large variations in reported sedimentation rates may reflect 
local variations of sedimentation. Cores for the Santa Monica and 
San Pedro Basins showed substantial layers of sand which have been 
attributed to turbidity currents . Sediment contributions from 
turbidity currents are assumed to be half the total sediment by volume 
in these near- coastal basins (Emery, 1960). Improved dating techniques 
in the more recent ~vork may also give a different picture than the less 
refined me thods previously used . The reported sedimentation rates 
differ by no more than a factor of five. If the basin floors have 
an area of almost 2600 square kilometers, the range of total sediment 
deposition is 6 . 2 x 10
5 
metric tons per year to 3 . 2 x 10
6 
metric 
































































































































































































































































































































































































































































3.6 The Disposal Plan 
The disposal plan that follows includes the results from hydraulic 
and chemical modeling and discussions of the effects of sedimentation 
and diffusion on the discharged sludge. The engineering details 
associated with the outfall design are beyond the scope of this work, 
but preliminary sizing of outfalls indicates that a 60-cm (24-inch) 
pipe would be adequate in either case. The disposal depth of 730 m, 
approximately the sill depth, was chosen for modeling and would require 
pipelines of approximately 21 km from Hyperion and seven km from 
~fuites Point (LACSD) . Rough locations for the outfall are sho~~ in 
Figure 3.2. Neither of these lines as modeled would r each the deeper 
c e ntral portions of the basins but they are long enough to take advan-
tage of the density stratification and low D.O. in waters at this 
depth. Future economic and engineering analysis would optimize 
location and depth selection for the outfalls. 
It should be noted that the deepest existing outfalls e nd nec r 
depths of 100 meters. The construction technology of deep-water 
pipelines is, however, advancing very rapidly, partially as a result 
of the need for moving oil shoreward from deep-water drilling sites. 
Point-to-point oil movement at depths of over 300 meters is already 
practiced between North Sea production platforms and the British Isles. 
Since the implementation of the proposed sludge outfalls is at least 
several years away, the technological problems ·of outfall placement 
and design should not be insurmountabl e . 
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3.6.1 Hydraulic Modeling- Buoyant Jet in ·a Dertsity~stratified Medium 
The physical modeling of the sludge discharge has been done using 
a computer simulation of a round buoyant jet in a density-stratified 
medium (see Ditmars, 1969). Three different density stratifications 
were used, based on a density profile extracted from Figure 3.6. The 
actual profile is sho\m in Figure 3.9, and an enlarged profile at 
the discharge depth appears in Figure 3.10. The two constructed 
profiles, one lighter and one denser than the normal profile, were 
taken into account. They correspond to a case of greater mixing 
with the lighter overlying water and to an up"tvelling situation where 
denser "tvater would come up over the sill and displace lighter waters 
in the bottom of the basin. These two additional cases "tvere chosen 
because available density, salinity, and other relevant measuren;ents 
(while taken some 30 years apart) only cover a seasonal period of 
approximately four months from Janua ry through April. These extreme 
profiles should cover variations in basin-water density. 
The model flow in the program was set at 5.0 MGD (7.74 cfs or 
220 1/ sec) to approximate present sludge flmvs at Hyperion and 
~Vhites Point (both about 1. 6 HGD) diluted t"tvo to one with another 
fluid, the treatment plant effluent. The effluent was assumed to 
3 
have a density of 1.002 gm/cm • One discharge depth, 2400 feet 
(731 meters), was modeled . Five differe nt port sizes were used in 
the model with each of the three density profiles, both to check the 
effect of the different profiles and to find the best configuration 
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FIGURE 3. 9 
Actual ncnth - De nsity Profile 
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FIGURE 3 .10 
De tailed De pth Density Profiles 
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dilution or maximize h eight of rise. The results of the computer 
simulations are summarized in Figure 3.11. It should b e noted that 
the maximum height of rise never exceeds 400 feet (120 meters ) and 
that the computed dilution ranges are from 450-fold to 2600-fold. 
The diffe rent port diamet e rs would only change the rise height by a 
factor of two. For the jets from the individual ports to be initially 
non-interfering, the diffuse r length would have to b e varied from 550m 
for 1 ft ports to 5000m for 2 in. ports. The actual dilution of the 
sludge-particulate matter and chemical constituents increases by a 
factor of three over the values r e ported in Figure 3.11 b ecause of the 
initial dilution with sewage effluent before routing to the sludge 
outfall. 
One additional calculatio n should be mentioned at this point. 
The projected 10 MGD flow from both outfalls equals 2.44 x 108ft 3 /yr 
3 
(0.0069 km /yr). The basin volume was crudely estimated by integrating 
around the contours on Figure 3.2 with a planimeter and then by multi-
plying the average area bet\veen adjacent contours by the depth of 
contour separation. The v o lume of the basin b elow 700 meters is about 
3 280 km . The total yearly discharge would then only be a small frac tion 
of the total basin volume. No major volumetric displacement should be 
caused by the sludge discharge. 
3.6.2 Chemical Modeling 
Predictive modeling of the behavior and effects of sludge 





































































































































































































































































































































































































































impacts of the proposed sludge discharges is to be made. Two views of 
basin chemistry have b een taken in this work. The first approach is 
a stoichiometric one in which the total mas s of discharged constituents 
is examined . The second approach uses a chemical equilibrium model to 
predict the behavior of individual chemical constituents. The two 
models are interrelated: the s toichiometric one provides an assessment 
of gross phenomena that in turn provides guidelines for paramete r 
selection for the chemical equilibrium modeling. 
It cannot be overemphasized that both these approaches assume 
that equilibrium chemistry governs the fate of chemical constituents 
in the discharge . In reality, the rate at which equilibrium is ap-
proached is probably as important as the final system configuration. 
The paucity of kinetic data for dissolution, precipitation, and redox 
reactions prevents the following results from being anything more tha n 
speculative, but hopefully the speculation is guided by r easonable 
chemical intuition. 
3.6.2.1 Stoichiometric Modeling 
The simplest model for the discharges of sludge to the near-
coastal basins should consider only the gross effects of the total 
mas s discharged. The chemical constituents in the buoyant jet are 
divided into two categories in the following work--conservative and 
oxidizable. Oxidizable discharges will be considered first since 
their effect on local geochemistry and biochemistry will be more pro-
nounced. 
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3.6.2.1.1 Oxidizable Discharges 
Four constituents of the sludge--ammania-N, organic-N, 
organic carbon, and sulfide--can be oxidized if sufficient oxygen 
is available. Ammania-N is soluble in the sludge, ,.,hile the 
other three are mainly associated with the particulate phase. 
The dissolved ammania-N ,.1ill be most easily oxidized, while the 
breakdown of particulate matter should be expected to take place 
more slowly . Sedimentation may also remove particles to the anaerobic 
sediment environment before oxidiation can occur . 
The predominant reactions are assumed to produce nitrate, 
carbonate, and sulfate as end products. Nitrite (No2-) and elemental 
sulfur might also be possible products, but these intermediate 
oxidation states will be ignored for the sake of simplicity. The 
detailed oxidation r eactions are shown together ,.,ith weight equivalents 
of elemental oxygen necessary for the specific oxida tions , in 
Table 3.2. The oxidation state for ammania-N is (-3); organic-N 
is shown as a secondary amine, also at (-3). Organic carbon is 
assumed to be at (O), and s ulfide, obviously, at {-2). Biological 
mediation of the N and C ox idations is expected in natural sys tems. 
With the oxidation pathways es t ablished , the mass discharges 
are needed to evaluate the total oxygen demand. Estimates of ammania-N, 
organic-N, organic-C, and sulfide, as metric tons per year, for 
discharges from the projected Hyperion and LACSD sludge outfalls, 
are shown in Table 3.3. The specific oxygen demands from Table 3 . 2 
were then used to calculate total oxygen demand. In the final column , 
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TABLE 3.2 
Reactions for the Oxidation of Ammonia-N, Organic-N, 
Organic Carbon, and Sulfide 
A. Ammonia 
(3 .1) 
1/4 o2 (g) + 1/8 NH4+ ~ 1/8 N03 
4 moles of 0 needed/mole of NH
3 
(3.2) 
+ 1/4 H+ + 1/8 H
2
o (3.3) 
(3.76 gm 0/gm NH3 or 4.57 gm 0/gm N) 
B. Organic Nitrogen (as a secondary amine) 
R2NH + 3H20 ~ N03- + 2R+ + 8e- + 7H+ 
202 + 8H+ + 8e- ~ 4H20 
+ - + 202 + H + R2NH ~ H2o + N03 + 2R 
4 moles of 0 needed/mole of organic nitrogen 
(4.57 gm 0/gm organic N) 
C. Organic Carbon 
2H20 + C ~ C02 + 4H+ + 4e 
+ -o2 (g) + 4H + 4e ~ 2H2o 
C + o2 ( g) ~ co2 
2 moles 0 needed/mole C 
(2.67 gm 0/gm organic C) 
D. Sulfide 
2- 2- + s + 4H
2
o (1) ~ so
4 
+ 8H + 8e-
+ 202 (g) + 8H + 8e ~ 4H20 (1) 
20
2 
(g) + s2 - ~ so 2-
4 2-
4 moles 0 needed/mole S 
















































































































































































































































































































































































































































































































































































































































































































the equivalent volume in km3 of sea\olater that would be completely 
deple ted of D.O. by the total oxidation of the entire discharge was 
computed, assuming a D.O. of 0.3 ml p e r liter (0.429 mg/1). 
Even with a high initia l dilution (at least 1000:1), the 
ammoni a -N demand should be sufficient to deplete the low D.O. of the 
basin waters. The slower dissolution of me tal sulfides and b acterial 
degradation of particulate organics should maintain the anoxic con-
ditions. (This situation will be discussed further in relation to 
the computer chemical modeling.) 
As soon as local anoxic conditions deve lop, anaerobic 





, and then so
4 
as electron 
donors in the degradation of organic matter of both natural and 
sludge origin. Such degradation should be particularly pronounced 
at the water-sediment interface near the basin bottom. Nitrate 
reduction to N2 gas would be expected, and the reduction of sulfate 
to sulfide should insure the incorporation of trace me tals, except 
Cr and Mn, into the sediments as metal sulfides. 
3.6.2.1.2 Conse rvative Discharges 
The trace metals discharged from an anoxic sludge flm-1 into 
the nearly anoxic waters of the San Pedro and Santa Monica Basins 
should not be as greatly affected as the oxidizable compounds --
ammonia, sulfide, and organic-C. The trace metals may be mobilized 
as a result of changes taking place in the particle system to which 
they are attached. The comparison of the total mass discharged to 
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total mass now reaching the basin will give a crude measure of the 
potential impact . Metal flux data for the basin were calculated 
by Bruland, et al. (1974). These data (see Table 3 . 4) were based 
on one core from each basin. For most metals, the relative contri-
butions from natural and anthropogenic sources were separated , using 
geologic dating techniques. The anthropogenic sources considered 
included atmospheric fallout, surface runoff , and sewage effluent 
discharges. 
Metal mass inputs from the projected sludge outfalls have 
been calculated (Table 3 . 4). The totals from the sludge are one to 
five times the present total metal inp ut reaching the basin from all 
sources, except for Fe and ~fu. Iron and Mn sludge inputs are sub-
stantially lower than those from natural sources. The existing metal 
inputs already includes some metal f r om sludge and sewage effluent 
sources. The proposed sludge outfalls would divert all sludge trace 
metals directly to the basins. 
3.6.2 . 2 Computer Modeling 
Computer simulat ion of the d ischarge of sludge to the ocean 
was modeled as a three-step process . First, the sludge digester was 
modeled to determine the chemical state of the trace metals before 
discha rge. Second, the dilution of s l udge with treatment-plant 






































































































































































































































































































































































































































































































































































































































































































































































mixed with effluent prior to pumping through a sludge outfall. 
Third, a series of dilutions of the sludge/effluent mixture with 
sea\-later simulated the sludge plume rising and spreading in the ocean. 
3.6.2.2.1 Model Description and Inputs 
The REDEQL2 computer model, originally described by Morel 
and Morgan (1972), considers precipitation-dissolution, complexation, 
oxidat ion-reduction, and adsorption reactions at 25°C in its present 
form. The us e of REDEQL2 in this work fo llows the hierarchial structure 
of Morel, et al. ( 1975 ) and Morgan and Sibley (1975). These authors have 
mode l e d the discharge of a sewage effluent into oxic coastal waters. 
The modeling sequence was first to pose a system of metals 
and inorganic ligands, then to expand it \·lith the addition of an organic, 
acetic acid, and finally to consider two adsorbing surfaces. The 
addition of acetate to the digester computations showed no significant 
complexation of the trace metals. Organics such as cysteine and EDTA 
(ethylenediaminetetr aacetic acid), which a re knmm to have much 
stronger affinities for trace metals than acetate, would be more 
realistic . In the absence of any concentration data for s uch com-
pounds, no other organics were included in subsequent computations . 
Model metal and ligands inputs, expressed as p[X] = -log [molar con-
centration of X], are summarized in Table 3.5. The trace metal 
concentrations are those measured for LACSD sludge as a part of this 
research and reported in Table 2.8. Concentrations of Na , K, Mg, and 
Ca are those typical for Los Angeles area drinking waters. The carbonate 
concentr a tion was t a ken from alkalinity titrations of sludge filtrate 
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(Section 2.7.4) corrected for ammonia concentration. The phosphate 
and cyanide values were those reported for LACSD sludge centrate. 
Total sulfur was varied from a high value equal to that measured for 
this work by elemental analysis (Section 2.7.5) to a low value of 
l/8th the high total. The effect of assumed seasonal variations of 
total S within the digester have thus also been checked. For the 
effluent/sludge and sludge/seawater mixtures, an intermediate level 
of -lOmM (pSTOT = 2.03) in the undiluted sludge was used. 
The system ionic strength for the digester was determined 
by summing the appropriate metal and ligand concentrations. For 
sludge/seawater dilutions, the seawater was assumed to have an ionic 
strength I = 0.66 and appropriate corrections were made for the 
relative mixtures of sludge and seawater. 
Before any conclusions are dra~m from the REDEQL2 modeling, 
the model limitations should be discussed in some detail. The 
equilibrium constants for the precipitation and complexation reactions 
of the REDEQL2 program are those for chemical systems of 25°C. An 
actual mesophilic digester operates at 35 to 37°C. Primary effluent 
averages 15 to 20°C, and seawater in deep marine basins, 5 to 6oC. 
The effects of these temperature differences should be small compared 
to the gross chemical picture sought with the model. 
The chemical combinations, that is, complexes and solids 
considered in the calculations by REDEQL2, are limited by equilibrium 
constants available in literature and by the accuracy of those constants. 



























Chemical Computer Model Inputs(!) 
(pH= 7.9) 
(3) (4) 
Sludge ( 2 ) Seawater(2 ) 






















(1) Conce ntrations listed as -log (molar concentrations) 
(2) I (Ionic Strength) = 1/2 E C.z. 2 
Ci = the molar concentrati6n1 of the i-th constituent 
z. = the charge of the i-th constituent 
1 
Source: 
(3) Table 2 .8; Sanitation Districts of Los Angeles County, 
1973; SCCWRP, 1973. 
(4) Sibley and Morgan, 1975. 
(3.13) 
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examining the actual results, complexes, free metals, solids, and 
corresponding quantities predicted by the program. Species that are 
important in the real systems may not appear as program outputs if 
appropriate thermodynamic measurements are unavailable or have not b een 
included as program inputs . 
The pH, a measure of hydrogen ion activity in chemical 
systems, is one of the REDEQL2 input parameters that can be extremely 
important to trace-metal chemistry. The model pH was set at 7.9 for all 
cases, typical for both stable sludge digesters and Santa Monica Basin 
waters below the sill . The constant pH values were selected after 
preliminary calculations showed no strong dependence on pH for 
chemical speciation over the possible pH range for these systems . 
The final significant parameter that must be selected for 
computer computations is pE, an indication of the oxidizing or reducing 
tendency of the chemical system. 
PE = -log {e} (3.14) 
where, {e} = relative electron activity 
Low p E ' s (e.g., -4.0) are typical of reducing environments; high p E 's 
(10 to 12) are found in oxidizing environments. The pE is calculated 
for measured values of the constituents of a redox reaction. For an 
unambiguous determination of pE, equilibrium must exist and the 
activities of the constituents, e.g., 
or 
2-
and {S } 
2+ 
and {Fe } 
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must be measured. (The concept of p£ is well summarized in Stumm and 
Morgan, Ch. 7, 1970.) 
At a practical level, the problem is somewhat more compli-
cated. Breck (1974) sun~arized the work of Sillen and others on this 
problem. In the case of the sludge digester the production of methane 
would indicate a p£ = -6.1; the reduction of all nitrogen to ammonia, 
a p£ < -5.5. The sulfate/sulfide couple would give a p£ < -4.0. An 
unambiguous choice of the digester p£, where all three of these pro-
cesse s occur, is difficult. 
When sludge is diluted with effluent and then seawater, the 
problem becomes far more difficult. Kinetic processes--metal sulfide 
solid (MeS(s)) dissolution and sulfide and ammonia oxidation--probably 
are far more important. In a surface-water situation such as that 
modeled by Morel, et al. (1975), it is safe to assume that the local 
waters are nearly oxygen saturated and the p£ may be set at an oxidizing 
(positive) level. The question of p£ for oxic waters has been discussed 
recently by Stumm (1975). He examined possible p£ determining reactions 
and concluded that "oxygen obviously is the atmospheric oxidant that 
is most influential in regulating, with its redox partner, water, the 
redox level of aerobic waters." Stumm also stated,"Since many other 
redox processes are slow to come to equilibrium, it is possible to have 
several different redox levels in the same locale." 
The proposed sludge discharge described here "tvould be to the 
nearly anoxic and relative stable (slowly mixed) basin w·aters. It \vas 
pointed out previously that the oxidizable components within that 
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discharge should easily deplete the available D.O. and wholly anoxic, 
anaerobic conditions should result. To select a system p E upon 
2 2-
dilution \vith seawater. the so4 - -S r edox reaction was removed from 
the REDEQL2 computations and that redox reaction 
(3.15) 
was considered separa tely. 
The pE relation for any redox reaction is 
ox + ne K* red (3.16) 
where 
n number of electrons 
K* equilibrium constant of the reduction r eaction 
1/n log K* + 1/n log ({ox} /{red}). (3.17) 
For seawater , pS04 = 1.54. If pH= 7.9 HS is the predominate sulfide 
specie s, the couple so
4
2
-/HS- has K* = 10
34 
and 
pE 1/8 log K* + 1/8 log ([so
4
2
- )/[HS-) ) - 9/8 pH 
= -4.44- 1/8 log [HS-]. (3.18) 
Now [HS-] must be evaluated based upon the total sulfide in the system 
as affected by the formation of metal sulfide complexes and precipitates 
and by pH. 
Total sulfide= L [Me S.] +kL,1 [MekSl]sol;ds + [H2S(aq)] k 
. k J complexes ~ 
.J 
(3.19) 




S(aq)] + [S ] at pH= 7.9. Then 
where 
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is the dissociation constant for the removal of the first H+ 
a, 
For seawater ionic strengths, K = lo-6 •96 was calculated 
a,l 
with the REDEQL2 program and a 1 is thus 0.90. 
The metal sulfide solids of potential importance on a total mass 
basis are those formed with Fe, Cu, and Zn. Iron sulfide will only 
affect the system if the p E is sufficiently negative and FeS(s) forms 
For a 3000-fold dilution of sludge (two to one 
with effluent and 1000 to one \vith seawater) pFe = 5.38, pCu = 6.77, 







If total sulfide is lo-5 • 21 , pE = -3 .70 . If Fe is present as Fe
3
o4 
(more realistic if pE ~ -3.70 as will be seen in Section 3.6.2.2.2.) 
10-6.08 d an PE -3.78. (3. 22b) 
At a lmver total sulfide (pS = 5.51), pE = -3.73. Based on these 
calculations, pE' s of -3.00, -3.50, and -4.00 were set for the sludge/ 
sea\vater models. 
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Surfaces were incorporated into the digester and outfall 
system models for this work by using an electrostatic model developed 
by James and Healy (1972a,b,c,). In the model the free energy of 
adsorption, ~G d , is treate d as a sum of coulombic, solvation, and 
a s 
chemical free energies: ~G d a s 
~G + ~G + ~G 
coul solv chem 





exp (-~G d /RT) 
a s 
gas constant 
T absolute temperature 
(3.23) 
(3.24) 
This model has been used extensively by Vuceta (1976) and is thoroughly 
developed and discussed in her thesis. 
Two types of surfaces were modeled, namely Si0
2 
and ferric 
oxide . The ~G h ' s of adsorption of metals onto Si02 were set c em 
according to Vuceta. Ferric oxide surfaces are less well defined; 
values used for the pH (pH of zero surface charge) were 6.5 , 7.5, pzc 
and 8.5 and the ~G 's or adsorption were set at -4.0, -6.5, and 
chem 
-8.5. 
3.6.2.2.2 Chemica l Modeling Results 
For the digester model in this work, the strong dependence 
of trace-metal solubility on sulfide concentrations led the author 
to examine the dissolved versus suspended fractions of Ni in LACSD 
sludge samples {Se ction 2 . 4 .1.4). Preliminary calculations showed 
tha t substantial portions of the Ni would appear as inorganic complexes 
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and thus be soluble at pE's lower than that n e cessary for NiS(s) preci-
pitation. At p E 's lower than that necessary for NiS(s) precipitation, 
some Ni would remain in solution as Ni(CN) complexes but the fraction 
of the total nickel, NiT in solution would be very small. 
With the pST 2.03, simulations were run with pE's 
ranging from 0.0 to -0.6. The effect of pE variation on the speciation 
of Ni in the model system is shown in Figure 3.12. The fraction of 
dissolved Ni approximately equal to 0.1 percent of the NiT measured 
in this research was found at pE = -4.4 and this level was assumed 
to be that of the digester. Production of CH4 and NH3
, which would 
indicate still lowe r pE's, probably is dependent on biological 
merliation, and does not necessarily represent the digester as a whole. 
Changes in the total sulfur concentration, ST, had no marked effect 
on Ni solubility. 
The change in speciation of the other trace metals with pE 
and pST variations may be likened to a titration where electrons or 
sulfur is a dded. At a constant sulfur concentratio~ Ag is converted 
from AgCl(s) and Ag-NH
3 
complexes to Ag2S(s) at a PE approximately 
equal to -1.5. Copper is converted from Cu
0 
(me tallic copper) to 
Cu
2
S(s) at pE = -2.7, Pb from Pbco
3
(s) to PbS(s) at -3.4 , Cd from CdC03 (s) 









(s) to FeS(s) at -4.2. Copper also changes oxidation states 
from +1 to +2 (Cu
2
S(s) to CuS(s)) at -3.9. The converse of this 
ordering represents oxidation of the MeS(s) present in the sludge. 
The total sulfur is important on a stoichiome tric b asis. 













































































































































































































from the reaction system . If the total metals MeT present, considered 
on an equivalent molar basis, exceed the ST necessary for the metal 
precipitation, i.e. MeT > ST, the metals remaining in solution will be 
present as free metal ions or metal-ligand complexes. With the lowest 





(s) were present. If excess sulfur is present, HS and H2S (g) 
should form and the digester might be upset by sulfide toxicity. 
The higher solubilities of Cd and Mn in Table 2.11 need 
further explanation. . The speciation of Mn in the digester is ps 
independent since Mn is either precipitated with or bound to carbonate 
over the entire ps range modele d. Cadmium, on the othe r hand, 
does form complexes with sulfide and othe r ligands for the pE range 
modeled. The input thermodynamic data in its present form may over-
look complexation reactions which would account for the 0.2 percent 
dissolved Cd found, or this measurable solubility may be an experi-
mental art ifact . 
The complete chemical makeup of the model digester at ps 
-4.4, is s ummarized in Table 3.6. The predominance of sulfide and 
hydroxide solids for trace metal speciation should be particularly 
noted. The dissolved fraction for any trace metal rarely approaches 
one percent of the total metal . Most of the concentrations of 
dissolved species are too low even to consider for laboratory measure-
ment, but their inclusion in the tables emphasizes their con sideration 
in the computer computations. Where several complexes occurred, the 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































The addition of acetate as an organic l igand had no major 
effect on the model (Table 3.7) . Two different surfaces, quartz 
(Si02 ) and ferric oxide , also caused little change 1-1hen modeled with 
surface a reas of 100 m2fl (Tables 3 . 8 and 3.9). The ferric oxide 
surface r esults of Table 3 . 9 are those with pH 8 . 5 and ~G of 
pzc chem 
adsorption = -8 . 5 . These parameter settings shoHed the largest 
adsorption effect for any ferric oxide surface computation. Three to 
10 percent of the Cr was a dsorbed. Sodium and K were also adsorbed. 
The high stability of MeS(s) solids, }mC0
3
( s ), and Cr(OH)
3
(s) clearly 
dominates trace metal chemistry in digester environment . 
The inorgani c models of sludge mixed with effluent at pE's 
of -4.0 to - 4.4 sho1-1ed no major changes in metal speciation except for 
}m and Cr. Approximately 10 percent of the Mn was in a dissolved form 
either as the metal ion or bound with carbonate; 43 percent of the Cr 
was bound with hydroxide. 
Successively g r eater dilutions of the sludge/effluent 
mixture with seawater at pE's from -3.0 to -4.0 left all MeS(s) except 




( s ). 
Nanganese and Cr dissolved completely 1-1ith Mn present as free ions and 
chloride and sulfate complexes. Chromium was completely bound to OR-. 
The speciation for a combina tion of one part s ludge/effluent and 999 
parts seawat er is summarized in Tab l e 3 .10. The trace metal concentra-
tions 1-1ere still above background sea1-1at e r concentr ations (Table 3 . 5) . 
At this point an oxic model (pE = 10.0) with 0.1 m2/l of 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































dissolved and the trace metals were found as chloride complexes or 
free ions. (Table 3.11) . 
For the anoxic systems with an additional tenfold dilution, 
FeS(s) dissolved completely, NiS(s) and ZnS(s) began to dissolve. A 
further tenfold dilution completed the dissolution of Ni and Zn and 
began the dissolution of PbS(s) . Ferric oxide also disappeared com-
pletely. 
3.6.3 Sedimentation 
One evaluation of the effect of sludge discharges to the deep 
basins is a comparison of solids , organic carbon, and metal input 
from the outfalls with that from naturally occurring fallout. The 
total solids input from natural sources to the basins is 6.0 x 105 to 
3.0 x 10
6 
metric tons per year (Section 3.5). If five to 10 percent 
of the sediment consists of organic material, organic carbon inputs 
would conservatively be 3.0 x 104 to 3.0 x 10
5 
metric tons/year. The 
sludge inputs of total solids would be about 1.0 x 10
5 
metric tons/ 
yea~ with organic carbon (Table 3.3) at 7.5 x 104 metric tons/year. 
The sludge solids would then represnt three to 17 p e rcent of the 
natural solids total and the organic-C, a 25 to 150 percent increase 
over natural inputs . 
The comparison of mass inputs fails to give a complete picture , 
however, because the outfalls, even if designed with diffusers, are 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































level. Measurements with sediment traps around the existing Hyperion 
sludge outfall (Mitchell and Schafer, 1975) and the resulting mass 
balance calculations run on the organics and metals indicate that 30 
perce nt of the organics and 70 percent of the trace metals (Cd, Cr, 
Cu, Hg, Ni, Pb, and Zn) discharged during the entire history of the 
outfa ll are still in the sediments within 3 to 4 km of the outfa ll. 
The plume height of rise from the proposed outfalls should 
be about the same as the maximum for the existing Hyperion sludge 
outfa ll. The local currents at the proposed sites are probably some-
what less. A zone of major influence immediately around the outfall 
would be expecte d. An extension of the sedimentation analysis of 
Section 2.5.2 for a maximum plume rise of 100 meters gives settling 
times of 1 x 106 to 5 x 10
6 
seconds (10 t o 50 days) for the fastest 10 
percent and 20 percent of the solids . With local currents of 0.1 to 
10 em/sec, travel distances of 1 km to 500 km are predicte d. 
An additiona l correction must be made for the water t emperature 
difference bet~veen the sedimentation experiments (l0°C) and the basin 
bottoms (5 to 6°C). For Stokes Law settling v « 1/~ and thus s 
v 
~ 
v s , 2 
~2 
~1 
For the temperatures in question, 
~ro . s 
~5 . 5 
2 
0.0137 em /sec 
0 . 0163 cm2 /sec 
(3.25) 
* See Figures A. 2 and A.3 for ~ and p as functions of percent sal inity 
and water temperature 
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and the settling velocities at the lower t emperature should dec r ease 
b y approximately 20 percent. (This change is equivalent to shifting 
the sedimentation curves about 1/10 cycle to the left on Figures 2.15 
through 2 .18). 
3.6.4 Dispersion and Diffusion after Discharge 
One final consideration in the behavior of sludge discharges is 
the effect that diffusion will have on both the suspended and dissolved 
components after initial mixing. If flocculation is i gnored, the 
slud ge/seawat e r mixture is assumed to be carried in a constant velocity 
field with gravitational forces acting on the particles and eddy 
diffusion influencing the entire discharge. The governing differential 
equation for the particles is 
.£.!:)_ ~ 2 ~ +V • Vn = D\7 n - V' . vsn Clt 
~ 
where, v s the particle termina l settling velocity 
n = the number concentration of particles 
--" 
v the velocity field 
D the diffusion coefficient 
For dissolved constituents 
with 
~ 
+V ·vc 2 D\7 c 
c the chemical concentration 
(3. 26a) 
(3.26b) 
The coordinate axes have positive y toward the water surface and x 
perpendicular to the diffuser, positive downcurrent . 
a 
Clt 
0, V. V' n v~ Clx 
For steady flow 
(3. 27) 
where v is 
s 
and 


























In its complete form,the equation including sedimentation has 
no simple solution and must be approached numerically with the computer. 
Such analysis is b eyond the scope of the present work,but the case 
for dissolved cons tituents has been s olve d by Brooks (1960) with some 
simplifying assumptions. 
For sludge discharges to the strongly stratified environment 
of the deep basins , D << D • An extensive compilation of vertical y X 
diffusion coefficients and discussion about their determination can be 
found in Koh and Fan (1969). Sholkovitz and Gie skes (1971) report 
values for Dy of 3 to 6 cm
2
/sec for the Santa Barbara Basin. The 
persis tently low D.O. values for the basin \vaters below sill depth 
confirm the assumption of low Dy. 
The lateral spread of any constituent will be assumed to 
be governed only by downstream distance or travel time from the diffuser 
with longitudinal diffusion (x-direction) neglected compared to diff e ren-





The "4/3-Law" for the lateral diffusion coefficient implies 
D = a.P4/3 
z (3. 33) 
where 
a. = a coefficient 
P the width of the plume at a distance x downcurrent 
\Vith additional manipulation, the solution for the plume \vidth is 
p b [ 1 + C 2 I 3) s x/b] 3 I 2 (3.34) 
\vith 
12 Dz 4/3 
f3 = Vb '
0
, b =the diffuser length, D = a.b 
z,o 
The centerline concentration, c , at a distance x downcurrent is 
max 
given as 
erf [ 1.5 ]1/2 





the initial concentration . In the x direction, c can be 
max 





r-C 1_+_8_a._-_l~-~~ ==-)---::3:---_111 I b 2/3 ~ 
(3. 36) 
Values of c as a function of a., b, and t, have been t abulated by 
max 
Koh (1976). For a diffuser length of 1000 meters (15-cm ports and 
an initial dilution of 1350) the corresponding plume width and center-
line dilutions are summarized in Table 3.12. These values are in-
d ependent of velo c ity. The current will only effect distance down-













































































































































































































the plume a Gaussian distribution of concentrations is assumed. After 15 
hours, the dilution by diffusion is only a factor of four greater than 
that caused by the initial mix ing. Similar tabulation easily can be made 
for other diffuser lengths. 
The lateral spread of the particles in the sludge disc harges can-
not be predicted explicitly as was mentioned earlier. Qualitatively, 
turbulent diffusion should spread the particle field as it moves down-
current. The width of spread should be no greater than tha t for the dis-
solved constituents. 
3.7 Evaluation of Potential Environmental Impacts 
Based on upper-bound estimates of the major constituents in the 
proposed sludge discha rges, the input of total solids to the San Pedro 
and Santa Monica Basins would be increased by no more than 15 percent over 
the natural fallout. Organic carbon inputs would rise by no more than 100 
percent, nitrogen by no more than five percent and trace metals (Ag ,Cr ,Cu, 
Ni,Pb, and Zn) by no more than a factor of five. The local effects near 
the proposed sludge outfall would be somewhat larger, inasmuch as most of 
the sludge solids and metals would probably reach the sediments less than 
10 km downcurrent from the discharges. The higher natural sedimentation 
rates should bury the sludge and its constituents, effectively trapping 
the m in the sediments. Heavy metals may be mobilized from the sediments 
by bacterially mediated alkylation. Mercury methylation has been sholm to 
take place in a variety of sediments containing inorganic Hg and organic 
matter. Data for the alkylation of other heavy metals are scarce or non-
existent. ·This form of mobilization was not investigated further for this 
work. Local \va t e r should be converted from nearly anoxic to t otally .anox ic . 
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The effect on waters above the sill depths should be minimal because of 
the apparent low rates of exchanges for the basin waters. 
Any effects on biota in the two basins should be minimal, since 
anaerobic bacteria are apparently the only continuous inhabitants of 
the bottom. Discharge of sludge to the basins would also remove these 
inputs of solids and metals from the more productive surface waters (less 
than 100 meters) where the majority of the present discharge now occurs. 
Any potential adverse impacts of land-disposal schemes for the sludge 
would also be eliminated. 
3.8 Summary and Conclusions 
A plan for the disposal of digested sludge to the San Pedro and 
Santa Monica Basins has been presented and modeled in the previous sec-
tions. Sludge flows from the City of Los Angeles Hyperion facility and 
from the Los Angeles County Sanitation District Carson facility were 
included. A review of available oceanographic, biological, geochemical 
data indicates that the basin waters below sill depth have long residence 
times (up to two years) and low D.O. (less than 0 . 4 mg/1). They are 
stable vertically, longitudinally, and laterally. The underlying bottom 
sediments are nearly devoid of life with anaerobic bacteria the only 
permanent inhabitants. 
Hydraulic modeling of the sludge discharges by multi-port diffusers 
at depths of 730 meters (2400 feet) showed that plume rise heights 
should be less than 120 meters and a dilution factor of 450 to 2600 
should be expected. Dispersion and diffusion for periods of up to 
15 hours following the initial turbulent mixing should increase dilu-
tion by a factor of four. Simple calculations showed that no 
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major volumetric displacement of waters below the sill depth should 
occur. Chemical modeling using the stoichiometric or box model and 
mass balances on the total sludge discharges showed that the inputs 
of oxidizable substances such as ammania-N and organic carbon should 
be sufficient to deplete the basin water D. O., especially near the 
diffuser . Computer mode ling of the chemical constituents in the 
digester and upon discharge demonstrated that the predominant metal 
sulfide solids control all trace metals but Cr and Mn. Chromium 
appeared as a hydrox ide solid and Mn as a carbonate solid. At dilutions 
of up to 3000-fold the metal sulfides continue as solids while Cr and 
Mn solids dissolve, leaving Cr completely bound as hydroxide complexes 
and Mn as a free ion or in chloride or sulfate complexes . As further 
dilution occurs the metal sulfides begin to dissolve. 
Mass balances on total solids, organic carbon, and trace metal 
discharges result in a solids increment to the basins of less than 17 
percent of the n atur a l fallout, a 25 to 150 percent increase in organic 
carbon discharge,and two-to five-fold increase in trace metal inputs. 
An examination of sedimentation data and observations of the be-
h avior of solids and me t a ls around the existing Hype rion slud ge outfall 
strongly suggest that the metals which are already associated \-lith 
particulate matter in the digester should stay with the solids and 
reach the nearly lifeless basin bottoms. 
The adverse environmental impacts should be minimal. The transfer 
of sludge solids and metals from the present shallow water discharge 
sites should indeed b e considered as an environmental improvement. 
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CHAPTER 4 
SUMMARY, CONCLUSIONS,AND RECO}WffiNDATIONS FOR FUTURE WORK 
4.1 Summary 
Some physical, chemical, and physical-chemical properties of two 
digested sludges have been measured in this work. Experiments were 
conducted to characterize and delineate particle sizes in digested 
sludge and their relationship to trace metals. The particle-size 
distribution for two sludges was measured with a Coulter Counter. 
Vacuum filtration techniques for particle sizing were also applied. 
Total metals in Hyperion and LACSD sludges and dissolved trace metals 
in LACSD sludge were quantified. Standard analytical technique s were 
also used for the determination of chlorides, ammonia, and total 
alkalinity in the sludge samples. Sedimentation and oxic-mixing ex-
periments were designed and carried out to determine the behavior 
of sludge in seawate r, thus simulating ocean disposal conditions. 
Finally the results from the laboratory work were combined with 
information from the literature as shown in Figure 4.1, to propose 
and model the discharge of digested sludge to the San Pedro and 

























































































































































































































































































































































































































































































































































































The modeling and calculations were specific to the aforementioned 
basins but the general approach should be appropriate for any sludge 
disposal scheme to the ocean where deep, nearly anoxic basins are 
close to shore. Modeling efforts included the use of a hydraulic 
model for sludge discharge to a density stratified medium and both 
simple-box and computer-equilibrium-speciation chemical modeling for 
the prediction of gross and fine-scale chemical efforts. Calculations 
were also performed to estimate the spread of suspended and dissolved 
constituents after the initial jet mixing of the discharge. Based on 
this information,a preliminary assessment of environmental effects 
from the proposed discharges was then made. 
4.2 Conclusions 
4.2.1 Conclusions: Analytical and Experimental Techniques 
The trace-metal analysis of this research showed good agreement 
between Atomic Absorption Spectrophotometry (AAS) and energy dispersive 
X-ray fluorescence (XRF) analytical techniques . No direct cross-
calibration runs were made but the correspondence of mass balances 
was better than 20 percent in almost all cases and within five to 10 
percent for most experiments . Since the reported total instrumental 
errors on the XRF data were in the range of 11 to 20 percent, the 
agreement of data was very good. The advantage of XRF was speed and 
low cost for multi-element analysis on filter-mounted samples. The 
161 
XRF technique was sensitive enough to detect trends in the 
behavior of trace metals in the sludge-particle system. 
The sediflentation analysis b ased on single- depth sampling was 
constrained because flocculation effects were undetected when the ex-
periments were run at only one dilution. When particle concentrations 
were varied, however, flocculation was detected, at l east 
qualitatively. A t enfold increase in the dilution of sludgdseawater 
mixtures in this research decreased settling velocities by an order of 
magnitude. Nuclepore membrane filters were apparently ideal for solid-
liquid separation in sedimentation experiments because 1) they were not 
measurably hydroscopic ; 2) they did not retain significant amounts 
of dissolved solids such as sea salts; 3) their low initia l weight 
allowed for the accurate detection of small solids increments; and 4) 
they were well suited for metal measurement of the captured solids, 
eithe r by direct XRF analysis or by AAS after acid digestion. 
Particle sizing by vacuum filtration using Nuclepore membranes 
(8.0-~ and 1.0-~ pore sizes) was attempted and found to be unsatisfactory 
for sludge. The efficiency of solids capture for the 8.0-~ membranes 
increased rapidly with increased solids loading because pore clogging 
decreased the effective pore size. 
4.2.2 Conclusions: The Nature of Sludge and the Behavior of Sludge 
in Seawater 
Particle-size measurements for t\-70 se\..rage sludges showed that 
the majority of particles by number count have diameters of l ess than 
10 ~· This size fraction is selectively chosen by ma ny filter feeders 
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in the ocean. It also disrupts the penetration of light in the water 
column if it is in suspension. Actual number counts for the digested 
12 
sludges were in excess of 10 particles/1. Such small particles settle 
more slowly than particles of larger diameter and thus will be carried 
much greater distances if discharged into the ocean. The crude 
particle sizing performed by filtration also showed that more than 
50 percent of the particles by weight passed the 8.0-~ pores of the 
Nuclepore membranes during vacuum filtration. Owing to pore clogging 
of the membrane, the weight fraction passing the 8.0-~ pores but 
captured by the 1.0-~ pores may be substantially smaller than the 
fract ion that actually has diameters less than 8.0 ~. 
Analysis for dissolved trace metals (Ag, Cd, Cr, Cu, Fe, }fu, Ni, 
Pb, and Zn) in LACSD sludge showed that only Mn had a soluble fraction 
greater than one percent. 
During the oxic mixing of Hyperion and LACSD sludges (1 part) 
in seawater (99 parts) for periods of up to 28 days, less than 10 
percent of the solids were oxidized or solubilized. Substantial metal 
mobilization away from the particle phase occurred only for Ni. 
Sedimentation experiments for LACSD sludge diluted 50:1, 100:1, 
and 500:1 with artificial seawater revealed that the sedimentation 
velocities decreased with increasing dilutions. For trace metals (Cr, 
Cu, Fe, Ni, Pb, and Zn) measured by XRF, Cr, Cu, and Zn settled more 
slmvly than the filterable solids in all cases whereas Ni and Pb 
settled with or faster than the solids. Nickel may have been mobilized 
away from the particle phase. Lead is possibly associated 
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with larger or faster settling particles than Cr, Cu, and Zn. Metal 
analysis of the size fractions separated by Nuclepore filtration 
showed the same trend. Approximately 60 percent of the l ead 
was captured by the 8.0-~ membra ne (where capture by the 1.0-~ 
membrane= 100 percent). Less than 50 percent of the Cr, Cu, and Zn 
were caught in the same solids fraction. 
4.2.3 Conclusions: Modeling and the Sludge Disposal Scheme 
The hydraulic modeling of sludge discharges in San Pedro and 
Santa }1onica Basins indicated that the maximum rise heights for the 
sludge plume would be less than 120 m. All discharges were assumed 
to be made at a dep th 730 m and three different density profiles 
were u sed to cover any conceivable density stratification. Five 
different port sizes were also tried. Larger ports, which correspond 
to shorter diffuse rs for non-interfering jets, gave larger rise 
heights and lower initial dilutions. Initial jet mixing gave dilution 
factors of 450 to 2600. Analys is for the dispersion and diffusion 
of dissolved constituents after initial jet mixing indicated that in 
a time period of 15 hours, an additional dilution by a factor of four 
would occur. 
Stoichiometric chemical modeling of the sludge constituents 
predicted that the nearly anoxic waters of the deep basins should 
become wholly depleted of D.O. as a result of the discharge. Assuming 
such anoxic conditions , chemical equilibrium modeling of the discharged 
sludge showed that the metal sulfide solids, which predominate trace-
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metal chemistry in the digester, remain stable for dilution 
factors of up to 3000. Manganese and Cr were exceptions t o this 
patte rn, existing as carbonate and hydroxide solids respectively in 
the digester. These solids dissolved much more readily than metal 
sulfide solids upon dilution with seawater. 
Existing information from the Hyperion sludge outfall and 
calculations b ased on sedimentation experiments in this work combined 
with current v elocity data showed that the majority of the sludge 
solids Fhould reach the anoxic, anaerobic sediments at the basin 
bottoms. Published biological information showed that the basin bottoms 
have been anaerobic for long periods of time and biological productivity 
there was virtually nil. Well designed a nd conceived sludge-disposal 
scheme s to these \vaters should cause no major adverse environmental 
impacts. 
4.3 Recommendations for Future Investigation 
The direction chosen for future work depends entirely on the 
aspect of sludge characterization and/or sludge disposal in which 
the researcher is interested. Analytically, sludge-particle sizing 
should be done on samples of digested sludge from other systems to see 
if the curve shapes, particle number counts, and surface areas found 
in this work are characteristic of other digested sludges. Coulter 
Counter experiments should be conducted with lower ionic-strength 
solutions to check for flocculation of the sludge particles. Other 
particle-sizing apparatus such as that manufactured by Hiac (see 
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Appendix B), should be tested to see if particle sizing may be done 
more rapidly. 
If ocean disposal is considered furthe r as a viable disposa l 
alternative, particle-size measurements of samples taken during 
sedimentation experiments should give direct insigh t into the floc-
culation of sludge in seaHater. Multi-depth sampling \vould also 
serve the same purpose as would larger sedimentation columns which 
would allow larger sample sizes and reasonable weight recovery for 
metal analysis while using higher dilution ratios. The sludges 
considered for oce an disposal should be tested in this manner. 
Oxic and anoxic mixing experiments with analysis for other 
metals, e.g. Cd, Ag, Hg, should also be run at a variety of dilutions 
for ocean disposal plans. The addition of a chelating agent specific 
for ferric iron may prevent the possible re-adsorption of released 
metal ions onto ferric oxide surfaces. Such an experiment might allow 
for the separation of the effects of dissolution and oxidation from those 
of adsorption. The fractionation of sludge particles by size for trace 
metal a nalysis may be accomplished using Nuclepore-type membranes 
with apparatus that allows for pressure filtration and b ackwash cycles 
to alleviate the problems of membrane pore clogging. Several such 
cells have recently b ecome available. 
If any plan for ocean sludge disposal in deep waters is pursued, 
additional hydraulic modeling will be necessary · along with a com-
prehensive ocean-monitoring effort. In the particular case of the 
San Pedro and Santa Monica Basins, year-round measurements of density 
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stratification, D.O., and current velocities would be a first step. 
Extensive bottom sampling should be conducted to establish the true 
state of the biota there and the actual rates of sedimentation for 
solids, trace metals, and organic carbon. 
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APPENDIX A 
SAMPLING AND ANALYTICAL TECllliiQUES 
A.l Sludge Samples 
Grab-samples of sludge were taken both at the Hyperion Treatment 
Plant of the City of Los Angeles (flow = 340 MGD) and at the Joint 
Water Pollution Control Facility of Los Angeles County Sanitation Dis-
tricts (flow= 370 MGD). The Hyperion samples for metal analysis 
were all taken from digester 5C, a mesophilic digester; the samples 
used for particle-size analyses ,.,ere taken from digester 3C, also a 
mesophilic digester. The LACSD sludge samples for metal analyses and 
for use in the sedimentation and mixing experiments were taken from the 
sludge recirculation seeding line in the sludge wetwell. Samples 
used for particle sizing were taken from the sludge line going into 
(that is, before) the sludge centrifuges . 
Sludge-sample sizes ranged from four to 16 liters and ,.,ere taken 
in acid-washed wide-mouth polyethylene j ars. All sludge samples were 
sieved through 0.5 mm polyethylene mesh to remove seeds and other large 
particles that clogged the pipettes during volumetric transfers of sludge. 
The reproducibility in a given sample was checked by running replicates of 
both TROE and total metals. The results of such duplicate analysis 
shoHed no variation at a 90 percent confidence level as determined with 





















































































































































































































































































































































































































































A.2 Sample Capture with Nuclepore Filters 
Nuclepore polycarbonate membranes were used for all solids capture 
in this experimental work. They were chosen b ecaus e of their suitability 
for XRF analysis, and because of their apparent sieve-like properties 
for particle separation. All samples were drawn through the filters 
by vacuum (up to 74 em of mercury). The 10-to 15-micron thick membranes 
were difficult to use with a standard Millipore filter head and funnel, 
hence a teflon funnel was designed and built by the author. (See Figure 
A.l.) The membrane was also placed on top of a 55-cm diameter \~atman 
GF/C glassfiber filter to insure a good seal. Teflon funnels were 
boiled in concentrated nitric acid and rinsed with doubly-distilled 
water (D
2
H2o) between experiments. 
A.3 Chemical Analysis Techniques 
The analysis done in this work was based on standard analytical 
methods. Reagent-grade chemicals were used at all stages. All glass-
ware was soaked in NOCROMIX, rinsed with tap water, soaked in strong 
detergent, rinsed with tap water again, rinse d with tap-distilled water, 
rinsed four times with 4 N nitric acid (Baker grade) and finally rinsed 
four times with n2H2o. 
Pipettes were washed with ALCONOX and t ap-distilled water, rinsed 
with tap-distilled water, soaked for 20 minutes in ethanol saturated 
with potassium hydroxide (KOH), rinsed repeatedly with tap-distilled 
































































































































































































































































Polyethylene or polypropylene bottles were used for s torage of 
all raw samples, treated samples, and metal standards. New bottles 
were soaked for 48 hours in 1 N HN0
3 
and rinsed repeatedly with 
2 D H
2




and then washed with D H20. Teflon bottles \vere used for sample 
preparation and storage in the dissolved trace metals in sludge. All 
Teflon containers were degreased with detergent, boiled in concentrated 
G. Fredrick Smith (GFS) grade redistilled HN0
3
, and finally rinsed with 
2 D H20. 
A.4 Sludge Metal Extractions 
Total metal concentrations in sludge were measured by flame Atomic 
Absorption Spectrophotometry (AAS) following an acid diges tion of sludge. 
Approximately 10 ml of wet sludge (250 mg dry solids) were pipetted into 
a weighed 100-ml round-bottom flask and the exact quantity of sludge 
determined by an additional weighing. Twenty ml of concentrated HN03 
(GFS g r a de) were added, the flask was attached to a Friedricks condenser 
and placed in a h eating mantle. The sludge/acid mixture was then main-
taine d at a 110 to 120°C for at least 24 hours. After cooling, the mix-
ture was washed into a 100-ml beaker and the flask \-lashed repeatedly \vith 
4 N HN0
3 
to insure the transfer of all flask contents to the beaker. 
The beaker \vas placed on a hot plate, covered with a watch glass , and 
the mixture evaporated to a volume of about five ml. Thirty percent 
hydrogen peroxide (H2o2 ) \vas then added (about 20 ml) until the 
remaining solution was clear. The volume was again reduced by heating 
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and the contents transferred to a 50-ml volumetric flask with 1 N HNo
3
• 
About one ml of 50 percent hydrofluoric acid (HF) was added to the 
beaker to dissolve any particulate matter remaining after the peroxide 
treatment. Contents of the volumetric flask were then put into a 
clean,60-ml polyethelyne bottle. 
Metals were determined by flame AAS using the machine setting 
shown in Table A.2. Hetal standards were made from commercially 
available 1000 mg/1 standards or by dissolving reagent grade metal or 
metal salts in the nitric acid. The acid concentration of all standards 
was 1 N. Non-atomic absorption was checked on all samples using a 
hydrogen-continuum lamp separately or with a continuous background 
corrector (Varian Techtron Model BC-6) that became available in the 
last year of this research. The available hydrogen lamp had a nickel 
cathode so that background corrections for nickel analysis was not 
done. 
The efficiency of acid digestion was checked for chromium, copper, 
iron, manganese, and lead using National Bureau of Standards (NBS) 
Orchard Leaves Standard Reference Material #1571. The metal values 
measured in this research and those reported by the NBS appear in Table 
A.3. A blank ~vas run in conjunction with all NBS and sludge diges tions. 




0 which received nitric acid, peroxide, and hydro-
fluoric acid additions in the same sequence and quantity as the sample. 
The upper limits of metal blanks are shown in Table A.4. The metal level 
of some of the blanks was below the detection limits of flame AAS. Atomic 
absorption analysis with a carbon rod (Varian Techtron Model 63) \vas used 
for the metals with concentrations below flame detection limits. 
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TABLE A.2 
AAS Analysis - Metals and lvavelengths Used (l) 








Pb 217 .00 
Zn 213.86 
(1) Air-acetylene flame used in all cases. 
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TABLE A.3 
Trace Metal Analysis of NBS Orchard Leaves Standard Reference 
Material #1571 (1) 
Metal Set 1(2) Set 2(
2 ) NBS 
(3) 
Cr 4.3 + 0.3 5.0 + 1.0 (2.3) 
Cu 13.3 + 0.2 15.8 + 1. 7 12 + 1 
Fe 311 + 7 304 + 4 300 + 20 
Mn 96 + 2 89 + 1 91 + 4 
Pb 44 + 2 41 + 1 45 + 3 
(1) All values expressed as (mg/g) on a dry Height basis. 
(2) Measured values reported as sample mean + 90% confidence 
interval determined by t-test. 
(3) NBS values reported as mean + 95% confidence interval or 2 
standard deviations, whichever is larger • No NBS 
uncertainty was reported for Cr. 
TABLE A.4 
Trace Metal Blanks 
Metal Weight (l) Metal \veight (l) 
Ag 5.0 X 10-8 Mn 1.6 X 10-
7 
-8 -6 Cd 4.0 X 10_
7 
Ni(2) <1.2 X 10_6 
Cr 8.4 X 10_7 Pb 1.6 X 10_6 
Cu 3.5 X 10_5 Zn 1.4 X 10 
Fe(2) <1.2 X 10 
(1) Expressed as grams metal in a 50-ml blank. All 
measurements by carbon rod AAS (Varian Techtron 
Model 63) unless otherwise indicated. 
(2) Measured by flame AAS (Varian Techtron Model AA-5). 
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The recovery for all metals was also checked by running blanks 
spiked with all nine metals analyzed for this research. These samples 
were treated as sludge or NBS samples except that the metals were 
added from nitric acid standards. The results of the spiked blank 
recoveries are shown in Table A.5. 
A.5 Sludge Separation Procedure 
In order to analyze for dissolved constituents in the sludge, 
the solids and the surrounding liquid phase first had to be separated. 
A combination of filtration and low-speed and high-speed centrifugation 
was used to accomplish this goal. Sludge samples that passed a 0.5 mm 
polyethylene mesh were transferred to 500-ml bottles and spun at 2100 
rpm for two hours. The top fraction in each bottle (~ 400 ml) was then 
placed in 250-ml bottles and spun for one hour at 3000 rpm. The 
centrate was then filtered successively through 14-~ and 8.0-~ 
Millipore filters and the filtrate spun in 30 ml bottles for one hour 
at 20,000 rpm in a Beckman Model L-2 centrifuge (5°C). The centrate 
was finally filtered through 0.45-~ Millipore filters and stored at 
4°C. 
A.6 Dissolved Trace Metal Analysis 
One hundred ml of the final filtrate from the sludge separation 
procedure (see Section A.5) were pipetted into a 150-ml beaker, covered 
with a watch glass, and reduced to a volume of 10 ml over low heat. 
Five ml of concentrated trno
3 









Metal Recovery from Spiked Blanks 
% Recove red Metal % Recovered 
91.3 Mn 100.0 
100.0 Ni 102.5 
107.0 Pb 100.5 
99.0 Zn 99.2 
100.5 
TABLE A.6 
Composition of Artificial Seawater 










Water to 1 Kg 
Source: Riley and Skirrow, ed., 1975. 
177 
mixture boiled slmvly for one hour. Ten m1 of 30 percent hydrogen 
peroxide were then added, the mixture boiled, and the remaining 
solution transferred to a 50-ml volumetric flask and brought to 
volume with 1 N NH0
3
• 
the sludge filtrate. 
This procedure 'vas run in triplicate on 
2 
A blank of 100 ml of D H
2
0 was run concurrently. 
The measured dissolved trace metals in the digested sludge are reported 
in Table 2 . 12. 
A.7 Trace Metal Analysis by X-ray Fluorescence 
Energy dispersive X-ray fluorescence (XRF) is a recently d eveloped 
technique for simultaneous multiple-element analysis of solid samples. 
An X-ray beam i s impinged upon a sample surface and the characteristic 
X-rays generated by this process are sensed by a semiconductor detector. 
The resulting signals are sorted electronically and eventually processed 
by a computer to yield concentrations per area of sample. The system is 
calibrated with thin metal foils and has a sensitivity of approximately 
one ppm. A complete description of XRF theory and operation can b e 
found in Giauque , et al . (1973). 
XRF analysis for this research was done by Dan Shadoan at the 
Crocker Nuclear Laboratory, University of California at Davis . All 
samples were deposited on 1.0-ll Nuclepore membranes . Typical errors 
reported for me tal a nalysis were approximately 11 to 20 percent with 
. . 2 
filter loadings of ~0 .1 to ~1.5 mg/cm of total solids. Hhen 
considering metal data from sludge samples it should be remembered the 
beam impinges only on a one cm2 area in the center of a t a r get; the 
total area of the target is approximately 10 cm
2
. The implicit 
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assumption is that the sample is spread uniformly over the surface of 
the membrane; however, with samples from the mixing experime nts (Section 
2.5.3) and the first samples from the sedimentation columns (Section 
2.5.2) discrete particles were often seen. A 100-~ diameter particle 
with a density of 1 gm/cm
3 
would weigh approximately 0.5 ~gm or 500 nano-
grams. Very few of these particles, if their metal content was large, 
would radically change the reported metal concentration. Several larger 
3 particles, say 400-~ diameter of mineral density (2.65 grams/em), would 
have a significant effect on the total weight capture. The total errors 
in the XRF then probably exceed the 11 to 20 percent reported on the 
metal values only; a total error of approximately 30 percent is probably 
more reasonable. 
"

































































































































































































































































































































































































































































































CALIBRATION OF THE COULTER COUNTER 
B.l Experimental Conditions 
The electronic sizing of the sludge particles was done with a 
Model B Coulter Counter interfaced with a Nuclear Data Model 555 
Pulse Height Analyzer (PHA) and Multichannel Analyzer (MCA). Four 
apertures, 30~, 70~, 140~, and 280~, were selected to cover a size 
spectrum from approximately one to 60 microns. The salt solution 
for sludge dilutions was 1 M NaCl for the 30-, 70-, and 140-~ 
apertures and 0.1 M for the 280~ . These solutions of reagent-grade 
NaCl were prefiltered three times through pairs of 0.22-~ Millipore 
membrane filters and then once through a 0.1-~ membrane overlaid with 
a 0.22-~ filter. 
B.2 Coulter Counter Calibration 
Two types of instrumental calibration were necessary with the 
Coulter Counter and the associated electronics. First, the log base 
of the Pr~ had to be established and related to a known particle dia m-
eter; second, the a ccuracy of the number of counts had to be v e rifie d. 
The log base calibration was done with a voltage pulse gene rator. This 
test confirmed both the constancy of the log base over the 128-channe l 
spe ctrum of the MCA and also gave a numerical value for the log base . 
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The relationship between voltage pulse, log base, and channel 
number 
log (V./V.) = (C. -C.) log f 
J ]. J ]. 
(B.l) 
where V. and V. are the voltage pulses necessary to produce a PHA/MCA 
]. J 
response in channels C. and C., and f =log base, was assumed to hold. 
]. J 
The pulse generator had a maximum output of 20 volts so that the higher 
channel numbers with large apertures could not b e checked. In such 
cases, linearity and constancy of the log base were assumed to hold 
over the entire 128-channel scale. It should be noted that although 
the MCA has 128 channels, the entire channel range could not be used. 
The lower 20 channels were generally excluded because of electronic 
noise that appeared there. Ten to 20 channels at the upper end of 
the spectrum were generally excluded by signal pileup or because the 
PHA did not fill them. 
An alternative calibration technique using several standard 
particles with known diameters was not applicable because,at the 
salt concentrations chosen and with the available particles1 it was 
not possible to get the complete spectrum from two different calibration 
particles on the 128 channel spectrum at one time. For the 5.7 PSL 
spheres, however, the diameter standard deviation was broad enough 
to allow for statistical manipulation of the MCA particle counts. 
These particles had previously been sized optically with a Patterson-
graticle-equipped microscope. That sizing showed the particles to be 
normally distributed with mean diameter of 5.44 microns, very close to 
the 5.7 micron diameter reported by Dow, the manufacturer. 
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The diameter of these spheres ~vas also checked ~vith a Hiac 
Criterion Particle Size Analyzer, Model PC-320, and found to be 
normally distributed with a mean particle diameter of approximately 
5.6 microns. The Hiac operates on a light blockage principal. A 
particle suspension is forced between a light source and a photo-
detector cell. Interruptions of the light signal produce voltage 
pulses which are amplified and sorted according to particle size 
based on a calibrated scale. The maximum particle area perpendicular to 
the light source is measured. 
The relation between particle diameter and channel number for the 
Coulter Counter is assumed to be 
(B.2) 
where, d. ,d. = diameters of the i, j particle whose signals are 
1 J 
sorted into channels c. and c. respectively. A probability plot of 
1 J 
the Coulter Counter-MCA channel response to the 5.7-lJ spheres was 
then made . (See Figure B.l). Using the standard deviation of 1.5 lJ 
reported for the 5.7-ll spheres, the log base f was calculated and 
was found to be indistinguishable from that determined with the voltage 
pulse generator. This result h e ld for both 30-lJ and 70-lJ apertures. 
Number counts of the 5.7-lJ spheres were checked by ·Height con-
centration, by optical counting with a bright line hemacytometer, and by 
number counts on known volumes with the Coulter Counter and ~vith the 
Hiac Particle Analyzer. Dilution of the particle suspensions was nee-
essary for all counting techniques except evaporation and weighing. The 





















































































































































































































































Coulter Counter 1. 71 X 10
10
/1 (± 3. 0%) 
Hiac 1. 97 X 10
10
;1 <± 2. 6%) 
Hemacytometer 2.05 X 10
10
;1 <± 9.0%) 
By evaporation 2.8 X 10
10
/1 (+ 1.0%) 
The hemacytometer, Coulter Counter, and Hiac Particle Analyzer data 
agreed closely. The weight concentr ation information was high by a fac-
tor of 50 percent. The Coulter Counter data was at the low end of the 
particle count range, probably because the Coulter Counter sizing 
"window" in the spectrum \vas small and both l a rger and smaller particles 
were excluded. With the Hiac Particle Analyzer these counts appeared 
in the first and last channels of measurement with proper instrument 
settings, thus contributing to the total numbers for the spectrum. The 
hemacytometer values were higher than those found with either e lectronic 
means and also show a larger standard deviation. The high counts and 
the large standard deviation were due to dilution problems, uneven 
particle distributions in the counting chamber, and counting errors by 
the analyst . Particle counts by evaporation were calculated from the 
particles per ml suspension reported by Dow, the particle manufacturer; 
this result was the highest and probably least credible of the total 
counts because sample drying measured all particles in solution, regard-
less of size, and also include d any dissolved constituents present . 
The calibration information for the Coulter Counter operation with 
all apertures is summarized in Table B.l. The log base information 
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